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(.IlAI'TKJl 1 

IIS THODIICTION 


1. Master and Ks Motion. Cheinistiy is one of the natinal seienees 
which treat of the woi ld around ns, its wealth of diff('reiit forms 
and the divei-sity of ])henoineria taking ])Iaee in it. 

All of nature, the whole world, exists ol)jeetively ()ntside and 
independently of the consciousness of man. ''the world is matei’ial; 
all entities are vari(.)ns kinds of moving mattei-. 

Matter, nature, sliou Id not becojiceivedassomct hing motion less, some¬ 
thing in a state ofrc'st. Man’s entire socio-historic^al experience sliows 
that matter is in a state of continuous motion, change, development. 

Motion, as constant cliange, is inherent to matter as a whole and 
to each of its minutest ])articl(\s. When we sj)eak of the motion of 
matter we must not think of it in its narrow' jnechanical sense, as 
of a ])article travelling through space. "I'lu' forms of motioii of matter 
are diverse. The healing and (tooling of })odies, radiation of light. 
el(H*tric current, cluuuical clianges, vital ])rocesses, thought, a.r(‘. no 
Tuore than various foians of motion of matter. 

The different forms of nK)tion of matter can ])ass into one another. 
Thus, mechanical motion (xisily passes into heat or theivinal motion, 
thermal motion into chemical, chemical into electrical, etc. These 
transitions are evidence of the unity of. and the constant ties between, 
the cjualitatively different forms of motion. 

All the various transitions from one form of motion into anotlier 
are governed by ojie of the fundamental laws of nature, that of the 
eternity of matter arid its motion. I'liis law’ covers all the concrete 
kinds of matter and all the forms of its jnotion: not a single kind 
of mattoi* and not a single form of motion can be obtaimnl from 
nothing or transformed into nothing; the transformation of one kind 
of matter into another, or one kind of motion into another takes 
place only in definite cpjantitativc ratios. Matter and its movement 
can be neither annihilated nor created; they exist eternally and are 
eternally changing, 'i'his is confirmed by the entire development of 
natural science through the ages. 

Now we can define the subject of natural science with sufficient 
exhaustiveness and accuracy. 
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Chaplcr I. INTIIODrn iOX 


The subject of natural science is eternally moving, etfunally chang 
iiig matter. Natural science studies the mutual transformati'us, 
changes and develo])mtMit of concrete kiiuls of matter, bi’ings t) 
light the laws of natural ])henomena. and the lelations Ix^tween them. 
Study and knowledge of these laws enable man to conti’ol the ])henoju- 
ena of nature and to (*hange it according to his iiecnls. 

Tho (lUlhrcni ibrms of motion of matter are dealt with by various 
branches of science: physics, chemistry, luology and otliers. The 
general hnvs of development of nature are the subject of niateriaJistic 
dialect ics. 

2. Substances ami Tlu'ir Changes. Subject and .Method of ('heniistry. 

Jn chemistry each kind of matter |)()ssessing constant |)hysical prop¬ 
erties under s})eci(ic conditions, such as water, iron, sulphur, lime, 
oxygen, etc., is called a substance. 

The substances encountered in nature are inlinitely diverse. 
Compare, for instance, sand, water, chalk, sulphur; it will readily 
be seen that these ai*e all absolutely different substances, bearing 
even no ontwai'd resemblance* to one another. 

Each substance is distinguished by its ])roperties. Sulphur, for 
e\am[)le, possesses a light yellow colour ajul a crystalline structure: 
it is brittle and insoluble in water: its specific gravity is 2.07. When 
heated, sulphur melts at I 12.8'' (\ etc. AW these characteristic features 
of sul])hur aie its physical properties. 

Ilie magnitudes charact(‘iizing the physical i^roperties of a substance. 

its s|)ecitic gi'avity. melting point, solubility, etc. wliich have con¬ 
stant values under delinite conditions, are (‘ailed physical constants. 

To (‘stablish the ])ro])('rties of a substance, we must obtain it in 
as pure a stat(* as ])ossil)je, sin(*e (‘ven insignili(rant im])m*iti(\s may 
change* the num(*rical values of its (constants. Only pure substanc(^s 
])oss(>ss definite, invariable ])rop(*rties. 

Substanc(*s ai'c found ])nre in nature very rarely. In most cases 
natural substanc(*s are mixtur(\s consisting sonudimcjs of a very large 
num]K*r of diffennit substam^es. For instance, natural water always 
contains a small amount of mineral salts. When any one substance 
pnHlominates in a mixture, the whole mixtm-e is (;alied by its name, 
the other cojistituents and their (‘ontent in the mixture sometimes 
being indicated as impuriti(\s. If these are |)resent in sued) small 
quantities that tluy (cannot aff*(‘(d the investigation or use of the 
substaiu'c, the latter is callcHl ‘ chemically pure." 

Absolut(*ly ]nire substances are not known. OonventioJially we speak 
of “chemically |)ure” hydrochloric acid or of “chemi(^ally ])ure’' 
niti'ic acid, meaning a solution which (M)ntains nothing but the acid 
and water. In contradistinction to “(theini(?ally punf ’ aci(ls, ‘ technicar’ 
acids contain various impurities besides w\ater. 

A pure substaiKje is aUvays homogeneous; mixtures may be homo¬ 
geneous or heterogeneous. 
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A mixture of two or more substances is con\'entionally called 
homogeneous if the individual particles of the substances ctuinot be 
detected by the naked (\ye or under the microsco])e due to their 
very small size. (Jaseous mixtures, many li(|uids. certain alloys, etc., 
are exam|)les of such jiiixtures. 

Hocks, soil, turbid water, duslv air. etc., arc li(^terogeneous mixtin‘(‘s. 

The heterogeneity of a mixture is not always manifest; sometimes 
it can be detected only with the aid of a micros(^o|)e. For instaiuu^. 
at first sight blofxl is a (juite homogeneous red liquid. ])Ut wIkmi 
vi(*wed uiuku* a microsc^ope it is found to consist of a colourless liquid 
with red and w hite corpuscles lloating 
around in it. 

Milk is also a het(u*ogeneous mixture, 
consisting of globul(‘s of fat sus])ended 
in a colourl(‘ss liquid (Fig. 1). 

In everyday life \\ (‘ can ol)serve that 
substances undergo vaiious changes: 
water spilled on the iioor “dries up.’’ 
turning into invisil)le water vapour: 
an iron article in moist air becomes 
c(.)ated with rust; wood burns in the 
stove, leaving but a heaj) of ashes: 
leaves fallen from the ti(H‘S gradually 
decay, turning into a daik mass of 
humus, etc. 

When a lead bullet, fii’ed from a 
rill(\ hits a stone, it grows so hot 
that the lead rindts and becojues a li(juid. 11 the mechanical 
motion of tlie bull(‘t ])a.sses into the thermal motion of the lead 
|)articles. but this is not accompanied by any clHunical change^ of 
the lead, as solid and li(juid lead are the sam(» substance in dilfenmt 
])i\vsical states. No new substance is foinu'd during the transfor¬ 
mation. 

But when lead turns into lead oxide (litharge) as a result of ])rolonged 
heating, an entirely new substance with other lu'operties, i.e., diffei'ing 
(jnalitatively from the l(*ad. takes its ])lace. The same happcuis when 
iron rusts, wood burns, or leaves decay—in all these cas(\s new sub- 
stan(*es are formed, cpiite different from the original substances. 

Phenomena accom])anied by radical changes of substance in which 
new substances arise in place of the hiitial ones are called chemical 
])hcnoniena. I'lie science that treats of such ])henomena is called 
eheinisiry. Hence, chonwiry in the ,science of the inimformailon of 
snhstmu'es. It studies the composition ayul structure of substayices, the 
relation between the properties of substances and their composition and 
structure, the conditions and tvays of changing substances into one 
another. 
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(.-h(‘inical changes are always accompanied by physical clianges. 
For this reason chemistry is closely related to ])hysics. It is closely 
lelated also to biology, since any vital jirocess is accompanied by 
contiimoiis chemical changes of substances in the organism, by a 
continuous exchange of substances between the organism and its 
surroundings (metabolism). HoAvever, although chemical phenomena 
are related to physical, and biological ])henomona to ])hysical and 
chemical, chemistry cannot be reduced to ])hysics, nor biology to 
physics and ehomistry. since each form of motion of matter has its 
p(‘euliarities. 

In chemistry, as in other sciences, the study of any ])henomenon 
begins first of all with observation and description of the phenomenon. 
But sci(‘ncc (lo(\s not (M)nfijie itself only to (lcs(;ription of observed 
phenomena: its most imjiortant task is to (‘xjilain them. In seeking 
to (explain plKmomena we strive to delve ever deeper into their essence, 
to ascerUiin their causers, to establish the conditions und(>r whic.'h 
they occur. For this ])urpose we reproduce various ])[icnomena 
artilicially, under conditions and in an environment best adapted 
for their study. The artificial rcjvroduction of a phenomenon is called 
an expcrimcjil. FxiK'rimcnts are mostly intended to check the truth 
of ideas or assumptions which arise in studying a phenomenon. 
Assum])lions put forth to explain a ijhenomenou. to establish its 
connectkju with other plienomena studied earliew, to unite several 
]>henomena undeu* a common idea, are called liypotheses. If the con¬ 
clusions which follow logically from the assumjition made are con¬ 
firmed by cxpci’imcnt, if tlie hypothesis exjilains not only the phenom¬ 
enon in question, but jiermits geiuTal conclusions and jirediction of 
new |)henomena as well, the hypothesis becomes a theory. If, on the 
other hand, experimejit fails to confirm it, the hypoth(‘sis must be 
discarded. 

Theory, Avhich is a broad generalization of exjierience, greatly 
facilitates the study of |)henomena, enables us to understand them 
belter. Moreover, it ])oints out the trcuid of furtluT ex])enments and 
gives hints for cariying tluun out, and tlierefore has an instructive 
value. Theory makes it ])ossil)le to carry on in\estigations without 
gro[)ing in the daik, according to a ])ro-arrang(‘d ])lan, from a delinite 
standpoint and on the basis of established laws. 

Especially im])ortant theoretical generalizations in chemistry, which 
have made for progress in this branch of science are: the theory of 
atoms and molecules, the theory of chemical structure, the Periodic 
Law and tlie periodic system of chemical elements. 

3. Importance of Chemistry. Chemistry in the National Economy 
of the II.S.S.R. C'hemistry ])lays can exceedingly important jiart in 
modern life, esjx^cially in man's industrial activities. There is hardly 
a branch of industry but is connected with some applicjition of 
chemistry. Nature gives us only the raw materials—timber, ore, salt, 
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coal, oil, oto. By subjcjotiiig natural materials to chemical treatment, 
we obtain the various substances we need for agri(Milturc, for the 
manufacture of industrial j)ro(lucts and for domestic use mineral 
fertilizers, metals, plastics, dyes, acids, medicinals ajid pharma- 
(ieuticals, soap, soda, etc. Before trealing natural raw materials 
cfiemically we must know the genc^ral laws of tlie tr<ansformation 
of substances, and it is chemistry that giv(‘s us this knowledge. 

Chemistry concerns itself also with tinding the most economical 
wavs of using natural materials, with the utilization of bY-])roducts 
and industrial wastes ; it seeks new, more (‘fficient methods of ])roduc- 
ing vaiious substances, etc. 

Tsarist Ilussia had no large-scale clKunical industry. Tlie f(^w 
cheniic^al plants that did exist were of a semi-artisan nature, most 
of them owmed by or dependent on foreign capital. The engineers, 
technicians, foreinen ami other specialists employed at the |)lants 
Avere mostly foreigners. The lack of ])rogress in th(‘ ehenii(?al industry 
told strongly on tlu* state of llussian chemical scicmce, whicii had no 
material basis for its dcn’clopment. Seiejititic activities and research 
were rai-ely euoouragcd by the state. In s])ite ot* these extremely 
Uiilavoni’able conditions, howc^ver, Bussian scientists made some 
major eontributions to (iiemistry. 

The (h'eat October Socialist llevolution of 1017 rooted out the 
causes tJiat had retarded the progress of Russian science and ])aved 
the w ay I’or its frec> clevelo])mont. In the very lirst years of existence 
of the noAV-born SoA'iet Republic, during the trying years of ruin 
and Civil War, (iiemical science received a gt’eat dcial of aid from 
the Soviet (iovernment. The lirst research institutes and laboratcnies 
weic^ organized, and they ])layc*d an outstanding ])aj*t in the develop¬ 
ment of SoAuet ehc^mical science and industry. Suhsequeiitly tlieir 
uumbers began to groAv rapidly. The number of ciiemical schools 
and colleges also increased jnany times over. I..argc-scale research, 
both theoretical and applied, was launciied in all the branches of 
chemistry at the universities and institutes. 

Russia possessed immense mineral rc^sourees, but they AAcre in- 
sufticdc^ntly explored, and the chemical industry of tsarist Russia 
used mostly imported raAv materials. No Avoiider, therefore, that the 
first perioci of dcA'clopment of the Soviet chemical industry Avas 
marked by intensive pros])ecting fen* chemical raw materials. As a 
result of the Avork of the llussian chemist N. Kin*nakov and the 
investigations of the geologist P. l^-eobrazhensky, enormous deposits 
of potassium salts were discovered in the Soviet Union, considcvably 
greater in size tliaji all the Euro])ean deposits taken together. In 11)24 
ail expedition headed by the Russian scientist A. Fersman discovered 
vast de])Osits of mineral phosphates—apatites on the Kola Peninsula. 

A powerful chemical industry supported by home resources of 
mw materials sprang up in the U.S.S.R. during the pre-w^ar five- 
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year plan periods. Tiic SoN'iet mining and eliemieal engineering 
combines based on tbe Kola apatites, iJie iSolikainsk ])otassiiiin salts, 
the Ural chromium and co]>per ores, etc., arc' among the largest in 
thc^ woild. The same years witnessed the erection of sncdi complex 
enter])rises as synthetic amnumia and artihcaal rul)l)er plants. |)lants 
for the electrothermal prodnction of phosphorus, calcium carbide, 
concentrated fertilizer ])Iants, agricultural j)estici(ie phuits, etc. 'The 
production of new ty]u\s of artirtciai libres. artificial leather, ])lastif?s, 
organic dyestuffs. ])harmaceuticals and cinema film was masteied. 
The oil refinery industiN' was deveIo]>ed on a large sc^ale. Production 
of o])tical glass, vai'ious type's of high-cpiality chemi(?al glass and of 
glass fibre was started. Hy 1041 the chemicjal industry liad e.xccHxlcMl 
its ])re-revohitionary levcd more' than twejityfold. 

Tlu' furth(>i* ])rogress of the cliemical industry of tlie U.S.S.P. 
aftc'r World War li was f)ased on nenv advatun^d technicjues, contin¬ 
uous i)roduction methods and the intensification of industrial 
j)roc('ss(‘S. 

In th(‘ years follow ing World War II the ont})ut of various chemical 
pioducts inereasc'd scweral times over. 

HowevcM*. tlie inc'C'ssant ])rogress of teclinology has confronted 
chemistj'v and the chemical industry of the Soviet Union wdtli lunv 
problems, of mu(*h gi*eater magnitude than before. For this reason, 
the Sixth Five-\'ear Plan for the Development of the U.S.S.P. 
(IPof) fit)) envisages a faster rate of development for the chemical 
industry. 

One of the main tasks of this branch of industry is to increase the 
t)ul])ut of inuK'ial fertilizers and ]>esl-icidcs, and to oiganize large- 
scale prodnction of we(‘d-killing chcmi(*.als, wliicli w ill make it ])(>ssible 
to raise agricnltural ci'op yields and cut the time required for tending 
the cro])s. Py tlie end of P.)(>(), the last year of the Sixtli Five-Year Plan 
])eri()d, the yearly output of mineral fertilizers will have reacdied 
!!).() millirm tons, w’hi(*h exceeds the 1940 figirre by six and a half 
times. 

Another very iriqroitaiit task confr-ojiting tJie ch('mi(^a] industry is 
to shai])ly increase the ont])ut of alcohol, synthetic rubber, bigh- 
(jiiality detergents, solvents, varnislu's and other ])roducts. utilizing 
natural and oil gas to tht^ utmost for this purpose. Within the Sixtli 
Five-Y('ar IMan period it is intended fully t<i substitute synthetic raw 
materials for food jinjducts (gi*aiii, potatoes, food fats) used for the 
jiroduction of alcohol, synthetic rubber, soa]), and other pi'odn(?ts. 

The chemical industry must considerably increase the output of 
raw materials for the manufacture of consumer goods. The ])roduction 
oi‘ syjithetic raw^ materials for artificial fibre will increase 5.9-fol(l. 
From this matenal u]) to .‘130,000 tons of various artificial fibres will 
be manufactured in lOfiO. In the same year 51 million sepjare metres 
of artificial leather will be produced. 
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(o’cat demands are f)ut to the eliemical industry l)y mechanical 
engineering, electrical engineering, the instrument-making industry. 
i*adio-engineering, automobile transport and other brandies of the 
national economy. The assortment of plastics, insulating materials, 
dyes and varnishes will have to be enlarged and the production of 
rubber industry materials increased. The output of automoliile tyres 
is to be approximately doubled in the Sixth Five-Year Plan period. 

One of the tasks of th(>! Sixth Fiv(^-Vear Plan is to raise' the entin^ 
industry to a higher te(;hnical level. In this connection teidinological 
processes based on chemical ])henomena become es])ecially important 
in a number of branches of industry. Increased ust? of oxygen in 
ferrous and Jion-ferrous metallurgy, considei’able gro\\th of the 
production of various rare elements and the pre])aration of high 
purity metals, comprehensive utilization of coal, oil and gas and 
of all values contained in non-ferrous ores, including the ])roduction 
of sul])huric acid from the sulphur contained in them, are some of 
the more im])ortant items of the plan connected with chemistry. 

"J^he tasks (*onfronting chemistry in the Sixth Five-Year Plan ])eriod 
can be fulfilled successfully only if the raw-material base of the chemi¬ 
cal industry is considerably expanded and a shar]) increase is eflFected 
in th(* produ(?tion of the princi])al chemical ])roducts, namely, caustic 
soda, soda ash, sul])huric acid, ammonia, etc. By 1000 a considerable 
increase is envisagiid in the out put of apatite concentrates and phos- 
])liorites; in that year 1 million tons of caustic soda and 2.42 million 
tons of soda ash will be ])roducod, the output of sul])huric acid will 
be 01 ])er cent, and of ammonia 87 jier cent higher than in P)r>r). 
The extraction of natural gas and production of oil gas (at present 
t he cliief raw materials for organic chemistry) will increase 3.h-fold 
during the five-year period. 

4. Birth ol Cheitiislry and Initial Stages of Its l)evelo[mient. Chemistry, 
like other sciences, w as born in the ])rocess of man’s practical activities. 

In winning his means of existence man gradually came to know^ 
the causes of various phenomena and Ibund practical apjilications for 
certain transformations of substances. Thousands of years ago people 
already knew how^ to obtain many useful materials. They kiuwv how' 
t-o smelt metals from their ores, ])roduce and utilize various alloys, 
manufacture glass and glassware. 

In -l^gypt, technically the most advanced country of the ancient 
w orld, many trades based on the use of chemical ju ocesses nourished 
long before our era. The Egy])tians smelted iron from its ores, pro¬ 
duced stained glass, knew^ how to tan leather, extract medicines, 
dyes and perfumes from plants, etc. 

Chemical production in India and China dates from still carlic^r 
times. 

Of course, the scra])s of chemical information known at that time 
could hardly be called a science, but together with observations of 
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natural ])Fieii()niona tliey formed a basis for deliberation on the struc¬ 
ture of matter aiul its trafisforinations. 

In the writings of ambient Hindu j)hilosoj)hers we r€>ad that the 
universe is built up of a small number of simple substances. 

A more comprehensive and integral philosophical conception 
of nature originated in ancient (Ireece. It p?' 0 ])ounded the idea 
that the foundation of all things is uniform and that all the diflFerent 
substances the world consists of are various forms of a single ])rin- 
ci])le. 

Some (beek ])hilos()phers taught that all entities came from water. 
Others w(M(‘ of the ()])inion that the basic substance of the universe 
was air. Still otlurs considered fire to be the origin of all things. 
In the \’ c(Miturv H.O. Km])edocles combined the ideas of his ])re- 
decessors and added one more fundamental sul:)stance—earth to 
the three ])()inted out by them, thus assuming the existence of four 
principles, which he called elements. 

In the same (jcnturv there arose an entirely new ])hilosophical trend 
in the attempt to explain the striu^ture of matter. 'The representatives 
of this trend Avere Ijeucip])us and his disciple Democritus - the greatest 
materialists of ancient times. According to Democritus, all bodies in 
nature are built up of minute solid impermeable and indivisible 
particles, which he called atoms. Atoms are so small that they cannot 
be seen. They may be infinitely different in shape and size, but they 
all consist of the same matter. There is nothing in the world but atoms 
and the void between them. The differences between substances 
depend solely on differences in the number, shape and arrangement 
of the atoms they consist of. Atoms possess the property of eternal 
motion. The motion of atoms exj)lains the contraction of bodies when 
cooled and their expansion when heated, their mixing with water when 
dissolved and other phenomena. Changes of all kinds consist merely 
in the combination and sey)aration of atoms. 

llie materialistic teachings of Democritus were far in advance of the 
views of his contem})oraries, but did not receive general recognition. In 
its further development philosophy tended to attribute all y)henomena 
to the abstract pro[)erties of substance. This philosophy was grounded 
on the teachings of Aristotle (384-322 B.C.) which greatly influenced 
the subsexpient development of natural science. 

Aristotle held that the basis of all material being was prima materia, 
which is eternal and cannot be formed from nothing nor turn into 
nothing; its quantity in nature is unchangeable. Initial matter has 
four fundamental (pialities. which are ])erceived by our senses and 
stand opposite each other by pairs: heat and coldness, dryness and 
wetness. The diversity of substances depends on combinations of 
these qualities in different j)roportions. Combining the qualities by 
pairs Aristotle arrives at the four elements of Kmpedocles—earth, 
water, fire and air (Fig. 2). 
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According to Aristotle tlie fundamental qualities are not connected 
inse[)arably Avith initial matter, but can be talcen from or added to it. 
For instance, when we heat water we take coldness from it and add 
heat to it: the water evaporates, i.e., turns into air. as Aristotle thouglit. 
H(‘nce tlie (;onclusion that elements could b(> transfornu'd into one 
another. Therefore, th(? art of creating various substances l)oiled dow n 
to the combining of d(‘tinite (pialities. 

The ({reek philosophers grounded their geiUTal coru^eptions of 
natural phenomena only on observation: the ])rodiic.tive forces of 
society at that time were still far from 
the level at wdiich a precise science 
based upon experiment could arise. 

While in (troece philosophers con¬ 
centrated mostly on abstract theories, 
attempting to grasp the intrinsic struc¬ 
ture of matter, in other countries 
practical facts on chemical change 
were gradually being accumulated. 

According to the opinion yjrevai ling to¬ 
day, chemistry, as a collection of various 
information, often enveloped in mystical 
form, arose at the beginning of our era 
(A.I).) in Alexandria, a city on the Nile. 

Alexandria was an immense commercial and cultural centre that attract¬ 
ed people and goods from all over the ancient world. It concentrated 
and disseminated the practical knowledge which had existed in Kgy}>t 
since times immemorial; there the philosophical ideas of ancient 
(.{recce found their further development. Treatises written in Alexandria 
in the first century A.D. contained a great deal of chemical information, 
many illustrations showing chemical ay)paratus, descriptions of the 
operations of calcining, volatilization, filtration, dissolving and crystal¬ 
lization. Here also arose the idea of transmuting base metals into gold, 
an idea w^hich diverted chemistry for a long time to come to the path 
of fruitless searchings, thus retarding its progress. 

After the Arabian conquest of Egypt and other Eastern countries 
in the VII century, part of the knowledge accumulated in Alexandria 
still remained intact. The Arabs made use of this knowledge and sub¬ 
sequently discovered and investigated many lunv substances, including 
nitric acid and various salts. The Avord “chemia,’' which had been 
current among Alexandrian scientists, had the Arabian prefix “aF' 
added to it and became “alchemy.’' The Arabian scientists left a 
number of books containing descriptions of various chemical experi¬ 
ments and practical information. 

The conquest of Southern Spain by the Arabs promoted the pene¬ 
tration of practical chemical knowledge into Western Europe ; with 
the Arabs came the idea of transmuting base metals into gold. 
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Fig. 2. Aristotle's (‘leint'iits 
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The Middle Ages in li^iirope ])assed in fruitless attempts to material¬ 
ize this idea. Jn the history of eheinistry this period is known as the 
period of alchemy. Scientific th()ught was at that time completely 
under the inlluence and control of tlie Catholic Church. The ruling 
doctrine was the teachings of Aristotle, distorted by the C-hurcli. 
Any doubt as to the truth of this doctrine, as well as of the other 
dogmas established by the Churcli, was cruelly ])ersecuted. (complete 
stagnation in science and the decline of knowledge were characteristic 
of the Middle Ages. 

Instead of true (^hemist-ry. this ])eriod witnessc^d the flourishing of 
al(‘hemy. (‘oncerned chietly with attempts to obtain gold from base 
nu^tals. All the efforts of alchemists were directed towards the search 
for the Tuvsterious “philosopher's stone” which, ifi their opinion, 
possessed the wondeiful j)ro])erties of healing diseases, restoring youth 
and prolonging life, as well as transmuting base metals into gold. 

Contrary to Arabian alclumiy. which had ])layed a |)ositive |)art 
in th(> de\ e]o|)ment of science, alchemy in AVestern h]nro])e was a reac¬ 
tionary. anti-scientilic trend. It was not until the HcMiaissanee that 
chemistry really began to j)rogress. 

During this ])eriod. characterized by the formation of (;a])italist 
relations in Duro])e, life confronted chemist i*y with numei'ous ])ractical 
|)roblems, Kx])eriments in the use of chemical preparations for medici¬ 
nal pur])os(\s resiilt(‘d in a iiew trend in chemistry, known as iatro- 
clumristry (medical (diemistry). It was founded by 1‘aracelsus, a 
Swiss ])hysician, who held the main object of chemistry to be the 
})ie])a]‘ation of medicanes. Tlie positive josults which Paracelsus 
achieved by using (iiemical ])reparations in his mcMlic^al ])ractice 
brought liim wide fanu* and ])rompted many physicians to engage in 
chemical research, ^fhe new tnaid forced back th(‘ “problems” of the 
alchemists and ])laced the study of chemical change on a sound footing. 
About this time appeared the works of Agri(u)la. which laid the foun¬ 
dations of met allurgy and o])ened up a new vast sphere of ap|)lication 
for chemistry. 

Although the duunists of that f>eriod were still under the influence 
of Aristotle's teac^liings ajid shared man>' of the delusions of alchemy, 
including the belief in the j)hilosopher’s stoiu^, still, their works contrib¬ 
uted considerably to the chemical knowledges of theii* time. 

Alchejuy was never widespread in Pnssia. Until the XV'II century 
Russian ])rac.ticai chemistry developed independently of Western 
Europe, ('hemical knowledge was exchanged mainly with the Near 
East (Byzantium, Armenia, etc.). By their observations and experi¬ 
ments Russian craftsmen added new facts to the chemical knowledge of 
their time. The exjx^rience accpiired by Russian (;hemists was partially 
reflected in numerous collections of pres<ai])tions known in Russia as 
travniki (herbals), tsvetniki (flower-books), ustavy (rule-books), 
lechebniki (cure-books), etc. 
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Only in the XVII century did chemistry begin to I'rec^ itself of the 
scholastic ai)])roach to the study of nature, and to foinid its conclusions 
o?i precise ex])eriment. The founder of this new trend in chemistry 
was the Knglish chemist Robert Boyle (Hi27-lOO]). 

Boyle was the lirst to use a new method of investigat io?i in clunnistry, 
base(l on the idea that knowledge comes fnun a g(Mieralization of 
experimental data atid laws observed in natural plienoinena. Boyle 
held that the task oi‘ tlie chemist is to })erform ex|)(‘iimeiits. accujnu- 
late observations and not to put forth a single theory without a 
thorough investigation of tlie plienomcna it endraces. The ])urpos(^ 
of chemistry is to asci^rtain th(‘ structure of bodies, and the means of 
study is chemical analysis, which consists in the breakijig dow n of 
bodies into thtur (dements. Jhit Boyle’s elements had nothing in com¬ 
mon with the Aristotelian elements. Ac(?ording to Boyle, elements are 
‘ the sim|)lest bodies, of which complex bodies are com])osed, and at 
whi(*h we linally arrive by decom])osing the latter.’* Boyle's theoictical 
views on chemical elements are s(d forth in his ‘‘Sccjptical Chemist,” 
in which he sharply criticizes the concc^ptions of th(5 alchemists and 
their tc'achings concerning the transmutation ol* metals. 

Boyle's w^orks, and especially his method of inv('stigation. gi'eatly 
inlluenced the further })rogress of chemistry. ’However, it took about 
another 100 years for chemistiy to free itself entindy from the yoke 
of the Aristotelian cojiception of matter, w Inch had retarded the prog¬ 
ress of science for so majiy years, and to take the ])atfi of strict 
sci(uitific investigatiem of phenomena. This period is marked by the 
reign in chemistry of the so-(*alled phlogiston t heory, founded towards 
t he end of the XVII century by the (Jerman chemist Stahl. 

The ])hlogiston theory (nved its origin to the necessity of explaining 
the combustion, oxidation and reduction of mct-als—processes which 
interested chemists primarily in connection Avitli the progiess made 
by metallurgy during the XV H ccnitury. 

According to Stahl’s theory all combustible substance's, including 
metals, contain a cojnrnon flammable principle or materia, ignia, 
which he called ])hlogistoii. When combustible substances are burned, 
or metals calcined, the j)hl()giston volatilizes, leaving an earthy res¬ 
idue—calx. Hence, combustion is the de>comjH)sition of a substance 
ijito phlogiston and an earthy residue. For example: 

zinc ])hlogiston !~ zinc calx 

Substances whicli upon combustion leave a v(?ry siiialJ earthy 
residue, such as (*.oal, are almost ynire phlogiston. Phlogiston can b(' 
addcnl to an incombustible substance—a calx—by calcining it witli 
coal, which is rich in phlogiston. Then the calx becomes a nudal. 


zinc calx i ])hlogist()n ™ zinc 
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Even the increase in the weight of metals during their combustion, 
which so obviously contradict/cd tbe phlogiston theory, w^as no 
obstacle to its development. Its adherents attributed this fact to the 
extreme lightness of phlogiston, which, contrarv to other bodies, was 
not attracted to the earth, but repelled from it. Hence, the more 
phlogiston a body contained, the lighter it was. On the other hand, 
when a body lost ])hlogiston it became heavier. In a similar manner 
they attempted to get around other contradictions. For instance, 
the indispensability of air to combustion was explained by the fact 
that phlogiston did not simply disaj^pear upon combustion, but 
combined with the air or wdth some i)art of it. If there w^as no air 
present combustion ceased because there w as nothing for the })hlogiston 
to combine with. 

The ])hlogiston theory was universally recognized for a long time. 
It made it ])ossible to systematize most of the facts know'ii at that 
time and to solve new’ ])roblems put forth by practice. However, like 
any other false theory which creates illusory explanations instead of 
revealing the real causes of phenomena, the phlogiston theoiy finally 
became an obstacle to tlu^ progress of chemistry, ])reventing it from 
completely unfettering itself from the remnants of alchemical ideas. 
(Iieniistry was freed from the phlogiston theory in the latter half 
of the XVIII century as a result of the introduction into chemistry 
of precise methods of investigation, originated by the w^orks of 
M. Lomonosov. 

5. M. Lomonosov. The Russian scieiitist Mikhail Vasilyevich 
Lomonosov was born in 1711, in the village of Denisovka near the 
towni of Kholmogory, Arkhangelsk (hibernia, to the family of a 
fisherman. Taught to read and write by a literate fellow^-villager, 
Lomonosov had soon jierused all the books he could obtain in his 
village. Insatiable inquisitiveness and a passionate thirst for knowl¬ 
edge led him at the age of 19 to leave his native village. In the 
winter of 1730 I^omonosov left on foot, with hardly any money in 
his pocket, for Moscow, w^here he succeeded iTi getting enrolled in 
the Slav-(freek-Latin Academy, the only higher educational institu¬ 
tion in Moscow^ at that time. 

The rigid atmosphere of the Academy, and material difficulties 
did not discourage young Lomonosov. His brilliant capabilities and 
hard work enabled him to complete the seven-grade curriculum of 
the Academy in four years. Lomonosov did not finish the last grade, 
as he was transferred together wn’th eleven others of the best 
I)upils to Petersburg to study at the University of the Academy of 
Sciences. 

Less than a year after he came to Petersburg Lomonosov was sent 
abroad to study metallurgy and mining. 

In 1741, after his return from abroad, Lomonosov was ap])ointed 
Adjunct of the Academy in the class of })hysics, and soon became a 
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])rofessor in chemistry and 
a full member of the Rus¬ 
sian Academy of Sciences. 

Lomonosov was one of 
those rare minds w^hose 
scientific ideas are scores 
of years aiiead of their 
time. Delving deep into 
the nature of observed 
phenomena, Lomonosov 
proceeded in his own 
original way. His tireless 
scientific and practical 
activities were striking 
for their breadth and 
diversity. “Only now, 
after two centuries have 
passed, can we grasj) in 
full and duly appreciate 
all that was done by 
this remarkable giant of 
scien ce, ’ ’ wrote S. Xu v i lo v, 
late Jh’esident of the 



Mikhail Vasilyrvif'h LoinoiioKov (i7II-17H;)) 


U.S.S.R. Academy of Sciences. ‘'His achievements in the spheres of 
physics, chemistry, astronomy, instrumeiit-Tnaking, geology, g€M)- 
graphy, linguistics and history would be worthy of tlie activities of a 
whole Academy.” No wonder Pushkin called Lomonosov '*our first 
university.” 

One of the main jiroblems which attracted all chemists in Lomo¬ 
nosov’s time was that of the nature of fire and the essence of the 


combustion and roasting of metals. As was mentioned above, tlie 
plilogiston theory affirmed that metals lost ])hlogist()n upon roasting. 
Another widespread tlieory at that time was that suggested by Boyle 
in 1673, according to which when metals are roasted a very fine “mate¬ 
ria ignea” passes into the metals and combines with them, increasing 
their weight. 

Lomonosov was very scejitical about all kinds t)f imponderable 
“matters,” wiiicli served in his time to explain the phenomena of heat 
and cold, electricity and light. In his thesis “Deliberations on the 
(Causes of Heat and Cold” presented to the Academy in 1745, lie 
sharply criticized the theory of “thermal matter” or “thermogen," 
])rove(i the impossibility of existence of such matter and expounded 
a mechanical theory of heat developed by himself, according to which 
thermal phenomena were due to the movement of the minute particles, 
of which all bodies consisted. In this thesis Lomonosov was the first to 


put forth the idea that the increase in weight of metals when calcined 
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jiiay be due to their coinbiiiiiig with the surroujiding air, and not to 
the penetration into them of “materia ignea,” as JBoyle supposed. 
The same idea w as expressed in a more categoric form by Ijomonosov 
in 1748 in liis letter to the famous mathematician lOuler, in which, 
analyzing Jhnde’s experiments in the roasting of metals, he wTote: 
“Tliere is not the least doubt that the particles of air ])assing coji- 
tiiiuously over the body being roasted combhie with it and increase^ 
its weight.” 

Later, having succeeded through much effort in organizing a chemi¬ 
cal laboratory at the Academy of Sciences, Lomonosov undei-tonk a 
verification of his assumptions l)v expei*iment. For this j)tirj)ose he 
decided first of all to check Boyle’s ex])ei‘iinents in the roasting of metals. 

Boyle calcined the metals in sealed glass retorts. After a ceitain 
(juantity of scale had formed on the metal Boyle would unseal the 
retort, noting the suction of air into it as a ])roof of the tightness of 
the seal, after which he w’ould weigh the retort and its contents. 
Lomonoso\’ perfornicd the same exjHTiments as Ihnk', excei)t that 
he weighed the retorts witJi the metal in them before and after cal¬ 
cining, irilhovt v7ise.aUng them. The following note by Lomonosov 
on these experiments has come down to us: 

“Made experiments in well-sealed glass vessels, to as(?ei tain wdiether 
metals gain weight frojn pure heat. These experiments revealed that 
the good Bobert Boyle's opinion is false, for, unless the outside air is 
let in, the weight of the burnt metal remains unaltered.” 

From Lomonosov's (^xf)erimcnts it followed, first of all, that the 
increase in w eight of metals u]K)n roasting could be due neither to t he 
addition of “materia ignea,” as Boyle assumed, nor to the loss of 
])hlogiston. as the ])hlogistonists affirmed. At the same time, uns(viling 
liis retorts after the (experiments. Lomonosov established that the 
weight of the vessels ijicreased pixecisely because air was suckced into 
t hem. In this w ay he proved that the gain in w (uglit of the metal w hen 
cal(*ined w^as due to combination of the metal wdth air. Thus, Lomo- 
ncjsov was t he first chemist to form a (orn^ct conc(5])t.i()n of the nature 
of combustion ])rocesses. 

(’arrying out experiments in roasting metals in sealed vc^ssels. 
Lonionoso\' (\stablished the fundam(‘ntai law of chemical change of 
substan(H‘, forimiiated in our days as follow-s: 

I The m((ss of the .sykslances entering into a reaction rdwfff/.s e.qtials 
the of the s(({>sta7icefi formed as a result of the, reaction. 

This law\ w hicL is a concrete a])pIication of the univ(^rsal law^ of the 
eternity of matter to chemical phenomena, is called the Law of Coiiser- 
valiori of Mass. It is often called also the Law of (/onservation of 
Weight, as the mass of a substance at any specified point of the globe 
is ])ro])ortional to its weight. 
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The idea that substance in general cannot disap])(^ar or be formed 
anew, that its total quantity in the universe always remains constant, 
was put forth by the' (jlreek ])hiIosophers as far back as the V century 
H.C. and was acee])t(Hl by many materialist p]iiloso])hers of the XVIJ 
and I centuries as a th(\sis which required no proof. However, 

the chemists of that time did not understand the importance of this 
thesis for chemistr\' and |)aid no attention to the (|uantitative as])ect 
of chemical process(\s. 

(Vedit for introducing quantitative determinations into chemistry 
is due to Lomonosov. Jn his chemical experiments he invariably used 
the balan(^(% always dc^termining the quatit ity of sul)stances taken for 
the reaction and the quantity obtained after the leaction. With the 
aid of the balance Lomonosov proved that duiing chemical changes 
the total amount of substance remains unaltered. Lomonosov’s 
ex]KTi?nents in calcining metals in sealed vessels confirmed the idea 
wliich he first ex])ressc(l in the above-mentioned letter to the mathe¬ 
matician Euler, and latei* (in 17(50) formulated in much the same wav 
in his ‘Arguments on the Solidness and Uquidness of Bodies": 

. .All changes taking places in nature are of‘ such a stale that as 
much of anything as is sul)tra(*ted from one body is added to anotlier, 
so that if matter decreases in one ])lace it will iiKjrease in another. ' 

Thus the jirinciple of indestructibility of substance, whicli had uj) 
to then been but a ])liilosophical deduction, was proved for the first 
time by l^omonosov by means of precise (piantitative experiments, 
and tiius the brilliant (jonjecture of the ancient materialists l>ecaine 
an experimentally proven law of nature. 

Hie Law of Conservation of Mass is of jirime importance for chem¬ 
istry. It underlies the entire science of transformation of substances. 
Using this law the chemist can constantly keep a check on the correct¬ 
ness of the investigations he is carrying out, as inequality of the weight 
of the substances taken to the weight of thost^ obtained shows that- 
sonuj error has beim made in the experiment. 

Ijoinonosov was the first to define chemistry as a science, Avhile 
contemporary West-European chemists considered it a description 
of op(aations for “decomposing mixed bodies (i.e., complex sub¬ 
stances) into their constituent parts or obtaining bodies by combining 
constituent parts.'’ Lomonosov Jield that the subject of chemistry 
is not the chemical operations themselves, Imt what ocuairs in “mixed 
bodies” during chemical operations. 

A(;cording to Lomonosov “chemistry is the science of changes 
ocjcurring in a mixed body....” He regarded this scic^nce as chemical 
facts connected by mathematical exposition and systematized accoi’d- 
ing to the conceptions of the structure of sulistance. 

One who knows the intrinsic^ nature of substance “can explain all 
its jiossible transformations, including separation, combination, etc.” 
“The true chemist should be both a theoretician and a practical 
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worker,” Lomonosov said. Precise experiments with pure substances, 
using “measures and weights.” should be accompanied by theoretical 
analysis of the results obtained. Lomonosov pointed out the great 
importance of the conception of the structure of substance in this 
connection. “Physicists and especially chemists are doomed to grope 
in the dark if they do not know the internal structure of insensible 
particles.” 

Outstripping his contemporaries by decades, Lomonosov developed 
a cory)uscular theory of the structure of substance in which he anti¬ 
cipated the ])resent-day theory of atoms and molecules. 

Lomonosov considej-ed chemistry his “main profession,” but he 
was at the same time the first outstanding Russian physicist. He 
constantly emphasized the necessity of a close connection between 
chemistry and physics, being firmly convinced that chemistry should 
be studied with the aid of [)hysics, that chemical phenomena could be 
treated correctly only on the basis of ])hysical laws. In his “Treatise 
on the (Jood of ( ■hemistry” Lomonosov wrote: “A chemist without 
a knowledge of physics is like a man doomed to gro|)e for everything 
only by sense of touch. And these two sciences are so closely connected 
to one another that one (^armot be complete without the other.” 

Kxplaining chemical ])henomena through the law^s of ])hvsics. 
liomonosov founded a new science, namely, physical chemistry. 
In his “(burse of the True Physical Chemistry,” he first gave a clear 
definition of this sul)ject: “Physical chemistry is the science which 
uses physical laws and ex|)erimejits to ex])lain what occurs in mi.xed 
bodies through the office of chemical o])erations.” 

Lomonosov w^as not only a talented scientist, but a materialist 
philoso])her as well. Examining the phenomena of nature, he came to 
the materialistic conclusion on the fundamental question of philos¬ 
ophy—that of the relation of thought to being. In a number of 
theoreti(;al generalizations he refuted the metaphysical conce])tions 
|)revailing in his time. Thus, he asserted that nature as a w hole, and 
its sej)arate jjarts, keep changing, wrote of the development of knowl¬ 
edge as passing from the sim])lest scientific conclusions to more com- 
j)lcx ones, etc. 

Lomonosov had dee]) faith in the might of science and called on the 
Russian ])eople to coinjuer the heights of knowledge. As a member of 
the R ussian Academy of Sciences he bent his energies to the pro])aga- 
tion of enlightenment in Russia, to the promotion of Russian science. 

In 1755 the Moscow^ University, the first in Russia, was founded 
thanks to the efforts and after the j)roject of Lomonosov. This uni¬ 
versity subsequently became a major centre of Russian enlighten¬ 
ment and science. 

Lomonosov died in 1755, at the age of 54. 
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ATOMS AND MOLECULES 

The introduction of the quantitative method of investigation and 
the establishment of the Law of Conservation of Mass were of immense 
im])ortance for the progress of chemistry. I^iit only the atomic and 
molecular theories (;ould provide chemistry with a sound scientific 
foundation. 

()• Origin ot* the Science of Atoms and Molecules. The fundamentals 
of the science of atoms and molecules were first ex])ounded by Lomo¬ 
nosov in 1741 in one of his first books, ‘"Elements of Mathematical 
Chemistry,” in whicli lie formulated the main theses of his corpuscular 
t heory of the structure of matter. 

According to Lomonosov’s conception, all substances consist of 
minute “insensible” jiarticles, pliysically indivisible and capable of 
cohesion with one another. The propert ies of substances, and jirimarily 
their state of aggregation, depend on the projierties of these particles; 
<liffercnces in tlic projierties of substances are due solely to the 
pro|)erties of the particles themselves, or to the way they are connected. 

Lomonosov distinguished two kinds of particles: smaller ones wdiich 
he called ""elements,” corres|)onding to atoms in the modern sense of 
the word, and larger ones, “corpuscles,” which we now’ call molecules. 

According to Lomonosov’s definition, “An element is a part of a 
body not consisting of any smaller bodies different from it. .. . A 
corpuscle is a collection of elements forming a single small mass.” 

Each cor|)uscle has the same composition as the substance as aw’hole. 
(Jliemically different substances have corpuscles of different comfiosi- 
tions. As Lomonosov put it, “corpuscles are homogeneous if they con¬ 
sist of equal numbers of the same elements, combined identically,” 
and “corpuscles arc heterogeneous if their elements are different and 
are combined differently or in different numbers.” 

From the above definitions it can be seen that Lomonosov held the 
difference betw’een substances to be due not only to differences in the 
compositions of their corpuscles, but to different arrangements of 
the elements in the corpuscle as well. 

In expounding his views on substance being built up of “insensible” 
particles, Lomonosov emphasized that each corpuscle has a certain 
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finite, tliougli veiT jniniit(‘, size, so snicall that it cannot be seen, and 
possesses a detinite mass. Like all physical bodies, corpuscles can 
move according to the laws of mecluiiiics: deprived of motion, tlie 
corpuscles could not (‘ollide with one another, re])el or otherwise act 
oii each other and undergo changes. Particularly, such phenomena as 
the healing and cooling of bodies are due to cor])uscular motion. 
Since all the changes of sulistances are due to the motion of cor])uscles, 
chemical changes should be studied by |)h\'sical and mathematical, 
as well as t*hemical, methods. 

The assumj)tions ])ut forth in Lomonosov's corpuscular th(H)ry 
could not be verified exptui men tally at that time for lack of accurate 
data on the (juantitative com])osition of various compl(\\ substances. 
His ideas were far in advance of the science of that time, and the funda¬ 
mental thes(‘s of the corpuscular theory could not lie conlirmed until 
aft(M* chemistry had made considerable Jieadway. accaimulating a great 
deal of expei-imcntal data and mastering new methods of investigation. 

7. The Works of Lavoisier. By the middle of tlie Will century 
the -Vi*istot(?lian concepts of elements had already lost their signifi- 
came, but air. water. vai*ious “earths'* (calc(\s) and lire under the 
guise of thermogen or ])hlogist(m were considered elements as before. 

Of great impoi tance in establishing the correct conceptions of the 
(‘hemical elements was the discovery in the latter half of the XVJII 
(MMituiy of a number of gascKuis substances: hydrogen, nitrogen, 
chlorine and esp(‘cially oxygen. On tlu^ basis of these discoveries the 
famous French chemist Antoine Laurent Lavoisier (1743-ft4) devel¬ 
oped th(' oxygen theor\’ of combustion, whicli jxlayed a very imj)or- 
tant part in the fui ther ])]*ogress of chemistry. 

In 177;5 J^avoisier rejieated ]jomonosov’s exfieriments on the cal¬ 
cination of metals in sealed vessels, and came to the same results. 
But Lavoisiei- made a new, very inpiortant observation during these 
experiments: he found that only ])art of the air in the vessel is ab- 
soi-bed whcji thc‘ calx forms, and that the difference in weight betw(ien 
th(^ calx and the initial metal ecpials the weight of air absorbed. 
Somewhat later Lavoisi(‘r showed that the part of the air that dis- 
apfiears upon combustion is oxygen gas (discovered not long before by 
Priestley ) and that air consists of oxygen and another gas which does 
not su|>j)ort combustion, to whicli he gave the name azote.* Hence 
followed the cojiclusion that combustion was not the decomposition 
of substance, as the ])hlogist.on theory claimed, but its combination 
with oxygen, one of the com])onent parts of air. 

Lavoisier's explanation of combustion ydienomena caused a revo¬ 
lution in chemistry. Disfiroving the existence of })hlogiston, this 

* 'I’his ruinu" is still used in UussiiiiL. Kn^nch ami several other liiiijL;:ua|i:(>s. 
rite ii€iin(‘ nitr(>^on, now currcril in Kii^lish, wa.s sn^^cslcd soitx'wltiil lat(‘r hy 
(Tia|)tfd. Tr. 
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explanation radically changed the old views on chemical cliange. 
Metals, hitherto considered to consist of calx ami ))hIogiston. turned 
out to be siin})le substances, and, on the othei* hand, the "calces ' 
or "earths” which liad been taken for (‘lements, now (^anu' to be re¬ 
garded as complex substances. 

.At tlie same time it was proveul 
that water is also a complex 
substance, a comj)Ound of 
hydiogen and oxygen, wdiile 
air is a mixture of oxygen and 
nitrogen. 

"Unis \i was establislied 
that many substances, w-hich 
had hitherto bet^i classed as 
ehunents (water, air, calx), 
w(ue really either com])lex 
substances or mixtures. "Fhe 
real chemical elements WT*re: 

(he metals, oxygen, hydrogen, 
nitrogen, sulphur and other 
substances which could not ])e 
d(*com])ose(l by chemical means. 

Having given tlie correct 
conception of the natiin^ of 
combustion and oxidation, 

I.<avoisier was not able, how- 
ev(M*, to ])art (mtijely with 
th(‘ then jirevailing vi(‘w on heat as an "imponderable'’ element, and 
even included it under the name of "therinogen” in his list of genuine 
<‘hem ical elements. 

(’arrying out (|uanlitative analyses of various substances, Lavoisi(‘r 
(tame to another very important conclusion: in chemical reactions 
not only the total mass of the substances involved is conserved, as 
l.<omonosov had ])rov('d. but the mass of (^ach of the (deimmts (tontained 
in the reacting substances also remains constant, (’onsecpiently, in 
(themical reactions elements do not change into one another. This 
(tonclusion put an end to all sorts of alchemical attemj)l.s at trails^ 
mutation of tlje elements. Jjidirectly it testified also to the (existence 
of atoms and to the conservation of their mass in cliemical reactions. 
On the other hand, the admission that all chemical ehunents (atoms) 
are UTu^hangeable under any circumstances afterwards became an 
obstacle^ to tile progress of science. 

Lavoisier’s great merit was that he systematized, on the basis of 
his oxygen theory of combustion, the immense number of facts 
accumulated by chemistry. He develo])ed (in collaboration with three* 
other French chemists) a rational chemical nomenclature, drew' up an 
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exact classification of all the substances known in his time (elements 
and chemical com])ounds). In 1780 Lavoisier published his famous 
“Klernentarv Textbook of Chemistry.'' in which he made a brilliant 
generalization of all the acliievements of chemistry of that time. 

I)es[)ite a large number of new discoveries, creating the ])rere(|uisites 
for (rhemical atomics, the science of atoms and molecules made no 
further progress in the second half of the X\TI1 (‘cntury. For its iinal 
d(‘\'elopmeiit tliis science still lacked knowledge of th(^ laws dete?*- 
mining the weight })ro}>ortions between elements in complex sub¬ 
stances. These laws were discovered ojily at the turn of the XIX 
(century. 

S. Ijuw ot Definite Proportions. lA)monosov stated at an eaily date 
that the corpusi^les of a mixed body (com])lex substance) must be of 
(piite a definite, constant composition, of the same kind as the sub¬ 
stance itself. “A mixed body,” he wrote, “is one that consists of two 
or more different principles combined in su(;h a way that each sejia- 
rate cor|:)uscle of the body is in the same ratio to the parts of the prin¬ 
ciple it is made u]) of, as the whole mixed body is to the entire separate 
princi])les.” 

Fxperimental proof of this statement was obtained only in the late 
XVni century, after the French chemist Proust had carried out 
thorough (jualitative investigations of the composition of various 
substances. These investigations led to a conclusion known as the 

Law of Definite Proportions: 

I No waiter hotr a given chemical compound i.v ohiainaL its compo¬ 
sition is always the same. 

The Law of Definite Projiortions appeared as a result of repeated 
analyses of various chemical compounds. I^ut the composition of a 
chemical (compound can be established by synthesis as w’ell as by anal¬ 
ysis. Thus, for instance, w^hen water is decomposed by electric current, 
eight parts of oxygen by Aveight are always obtained for each part 
of hydrogen.* On the other hand, if we mix hydrogen and oxygen 
in a ratio of 1 :H by w^eight and exfilode the mixture, the gases will 
combine Avithout any residue. If one of the gases is taken in greater 
quantity than this ratio demands, the excess gas will be left out of the 
comjiound. Thus, synthesis confirms the results of analysis. 

On this basis the l.<aw' of Definite Proportions may be formulated 
alternatively as follows: 

When any suhstance jorms, its elements ahvays combine with 
each other in strictly definite proportions by weight. 

For a long time the I..aAv of Definite Proportions was just taken 
for granted by chemists. No doubt, Lavoisier, who carried out nurner- 

* More* precisely, for (‘ach 1.008 parts of hy<irogeii. 
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Oils analyses of various substances also took it for granted. But this 
law was fully recognized only as a result of a prolonged argument 
between Proust and his countryman Berthollet wlio held that the 
composition of a given substance might Huctuate within certain limits, 
depending on the conditions of its formation and es])ecially on the 
relative cjuantities of initial substances taken for its preparation. 
By way of confirmation Berthollet presented the analyses of certain 
substances he had obtained under Aarious conditions. 

The argument between Proust and Berthollet lasted for about 
seven years. The final victor\' went to Proust who proved by a numbei* 
of jirecise analyses that in all the cases Berthollet referred to, he had 
been dealing with mixtures, and not pure substances. 

It would b(i Avrong to conclude from the Law of Definite Proportions 
that comf)ounds of identical composition must necessarily have ident i¬ 
cal properties. Many substances knoAA^n to be identical in comjX)sition. 
are different in prop(U’ties. This Y)henomenon, called isomerism, Avill 
be discussed in detail in § IbS. 

9. J^aw of Multiple Proportions. Many elements are capable of com¬ 
bining with each other in several different proportions by Aveight. 
yielding, of course, different substances in each cas(‘. For example, 
copper forms two com])ounds with oxygen: one of them is black 
(cupric oxide) and contains 79.0 per cent copf)er and 20.1 per cent 
oxygen: the other is red and contains S8.8 per cent co])per and 11.2 j)er 
cent oxygen. Similarly, mercury and oxygen, tin and chlorine form 
two compounds each of different compositions; lead and oxygen 
give four different compounds, etc. 

In 1803 the British chemist Dalton, proceeding from the atomistic 
conception of the structure of substances, came to the following con¬ 
clusion, known under the rather ina])propriate name of the Law of 
Multiple J^roportions: 

If two elements forryi several chemical compounds with one another, 
the weights of one of the elements corre^sponding to a- fixed, weight of 
the. other in these compounds are hi a simple integral proportion. 

This conclusion Avas soon confirmed experimentally. JiiA^estigating 
the composition of the two hydrocarbons known at that time—methane 


Table / 


■ 

IVrcontHKr 1 

(\>mpf)sition, 

CompomuJ 

composition j 

parts by weiffht 


carbon 

hydroRi'n i 

carbon 

i hyclroKon 

Marsh pjas (iru;thane). 

...! 70 

25 

3 

: 1 

OU^fiant gas (ethvlene). 

...; 85.71 

• 1 

14.29 1 

1 

0 

1 

1 
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and etli\ leiio- Dalton establislied (Table I) that the weights of carbon 
corTes]>onding to one part by weight of hydrogen in tliese com])ounds 
were to one another as 3:r> or 1:2. 

Dalton found the same siin])le pro]>oi*tions for (?om]K)unds of carbon 
and oxygen. Carbonic acid gas (carbon dioxidt^) ])ro\ed to contain 
half as much caihon as carbon monoxide, in relation to equal amounts 
of oxygen. Thus, ex])erimenta] flata quite agreed with the conclusion 
to which Dalton had come tliooretically. I^ater this conclusion was 
confirmed by the ])recis(' exptnimenis of th(> Swedish chemist Berzelius. 

A good illustration of the Law of Multiple IVoportions are the five 
oxides of nitiogen. flu* compositions of which are given in Table 2. 


OAi<l»‘ 


Nitnms oxide. 

Niirie oxide . I 

Nit rotten trioxich*. j 

Nit root'll dioxide . : 

Nitro;j;('ii jientoxidi-. | 

I 

The weights of oxygen in these 
nitrogen are to each of Inn; as 

0.57: I.U: J. 


Table 2 


IN'irtnil (.‘omp()8ilion, 

rornposition purls l»y 


iiilrojxi^n oxv««‘n 

j nilroKfii 


i 

1 

0.57 ' 

4(».7 53.3 

I 

1.14 

.3().0 03.1 


1.71 : 

:K).5 ' 011.5 


2.2S 

25.0 74.1 

I 

; 2.S5 ; 

compounds pen* 

]Aart by 

W('ight of 


I : 2.2S: 2.S5 


If \\e divide thes(' figures by the least of them we get the ratios: 


1 : 2 : 3 : 1: 5 


Two very important conclusions follow from tht^ Law of Multiple 
Broportions: 

1) Compounds formed of the same elements usually differ shar])ly 
in conq)osition by Aveight. For instance^ in the above case each part 
by A\(‘ight of nitrogen coinbim‘s either with 0.57 parts of oxygen or 
Avith a (piantity from 2 to 5 times greater. Hence, the individual 
com])ounds of a seri(‘s consisting of the same (‘lements differ in coni- 
I )osit ion j a /// p- wi.H (‘. 

2) Any change in the quantitative ratio of combining elements leads 
to the a|)])earance of a new cjualitv. Thus, although the oxides of 
nitrogen consist of the same elements, they all differ qualitatively 
from OIK' another, i.e.. are different substances. This difference is a 
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striking illustration of one of the universal laws of nature the law 
of the transition of (juantity into quality. 

10. Law of Equivalent Weights. A study of the proportions by weiglit 
in which various elements combine, led to the discovery of another 
very important law, best illustrated by actual figures. Tonsider a 
series ^)f hydrogen compounds having the ])er(?entage cornjiositions 
shown in Table 8. 

Tahlv /J 




Prrcfiittipri' (Mitnposilion 

chlorifK* furhnii suipliiir , sodiiitii ; oxytjiMi hy<lr(>^iMi 


«*hluri<K‘ .... i ! 2.74 

MethiUH'. I 1 75 i - 25 

I ! '14.12 - i -- 5.SS 

uni hy<lri(lc*. 95.iS3 - 4.17 

Walrr. ; SS.Stl 11.11 


Now, if we compute the weights of otluu- elements (combined with 
a fi.xed weight of hydrogen in th(‘se conqiounds (e.g. wit h one jiart by 
weight), w(^ get the following scheme: 

- Iiydniiuui 

1 part 


I + + i- i 

rlilorine rarboii siilpliur siMliiim oxys^eii 

])(irt.s :i parts 10 parts l»:i parts S pa,rts 

The elements in the abovi' scheme combine not only with hydrogen, 
but with each other as well, forming com]>()unds in the same propor¬ 
tions by weight with one another as wit h one part of hydrogen (Table 4). 

Tnhh 4 

('oin|)ouTid 

Sodium chloride. . , 

(’tirhori ti't Piichloridt 
Chluriiu^ oxitle .... 

I Sodium suljihide . . 
i ('arl)dii disulphidt^ 

I Sodium oxide .... 

' (-arhmi ilioxidc . . . 


(Vmiposition in parts by \v<Mffht 



sulphur 

u.xyt;**!! 

Sixiiuiu 

(virhuH i 

35.5 


— 

23 

! 

35.5 




3 

35.5 
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i 15 i 


23 


j 

15 


i — i 

3 

: 


8 

; 23 

- - ! 

i 

— 

S 

1 ... 1 

! 3 : 


3 
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If wt‘ had taken any othen' element, say, oxygen or chlorine, as the 
initial one instead of liydrogen, we should have come to tlie same 
conclusion. 

Thus, for all elements definite numbers can be found expressing 
the weights in which they combine with one another. These numbers 
were at first called “combining weights.** 

Dalton was one of the first to calculate the combining weights for a 
large numl)cr of elements. In doing this he followed the same ju’ocedun^ 
as above, i.e., assumed the combining weight of hydrogen to be equal 
to unity.* lint as hydrogen forms compounds by no means with all 
elements, combining weights began to be calculated soon after in rela¬ 
tion to oxygen, the combining weight of oxygen being taken equal 
to eight. Thereupon the combining weights calculated with respect 
to hydrogen retained their former values, but the combining weight 
of hydrogen became l.OOS. 

Subsequently the name “combining weight" was substituted by 
“equivalejit weight*’ meaning a quantity of equal value. Elements 
not only combine with one another, but also displace one another in 
their com])ounds in equivalent weights. 

By the present-day definition, the equivalent weight of an element is 
the. weight of that elewent ivhich will ccrmbine with eight parts hy weight 
of oxygen (or 1,00S parts of hydrogen) or will displace those amounts 
from their com pounds. 

The introduction of the (^once|)t “equivalent weight” made it 
|)ossible to formulate the following law, called the Law oI Equivalent 
Weights: 

Elements combine icith one another in quantities proportional to 
their equivalent weights. 

E(piival(uit weights arc usually found either from analysis data on 
various conqiounds or from the results of dis])Iacement of one element 
by another. It should be stressed that in determining cquivakuit 
w eiglits there is ]io need to ])roceed necessarily from conqiounds with 
oxygen or liydrogen. .Making use of the Laiv of Equivalent Weights 
)re can calculate the equivalent weight of any element from Us compound 
trifh any other elonent of hnoivn equivalent weight. 

Example, 3.r» ^r. of iron eombino witli Kul])lnir, j^ivinp: 5.5 ^r. of iron sulphide. 
Find lluM‘(juiva.lent wt'if^hl of iron if Hit'(Hpiivahnl w(‘i<j:htof siilplinr tvpials 16. 

'Tht' information slatetl in tht' problem shows Hull in iron sul])hi<l(" 3.5 juirls 
b\ w(‘ip:ht of iron art' eombincd with 2 [larts t)f sulphur (5.5— 3.5 - 2). Sintu* Hit* 
t (|ui\ id('nt wt'iurht of iron is t he weight of il that eombint'S w'ith one etpiivaleiit 

wt'ighl of sulpJmr, tlit'n t'tjuivalent wt'ight of iron .. - 2S. 

* Daltoji iissuuKMl tlie eombining weight of hytlrogen to be unity, btH^tiust' 
hyilrogf'ii is tlu* lightest of all the eltMiients anti alw'ays enters into the coin] )osi lion 
of various eoinpounds in the l(*ast aiiuiunt. 'rhis was dont' to avoid fraetitmal 
eombining weights. 
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As the same elements often combine in different pioportions to 
form several different (roinjumnds. the eipiivalent weight of an element 
may obviously have several values, depending on the eom])ound by 
which it was calculated. But in all such cascis the various eipiivalent 
weights of the same element arc in proportion of small whole numbers. 
For example, the ecpiivalent weights of carbon calculated from the 
composition of its compounds 
with oxygen eipial 3 and (i and 
are in proportion of 1:2. 

1'he conception of equivalent 
weights has been extended also 
to complex substances. 

The equivalent weight of a 
complex mibstance is the weight 
of the substance which will react 
without residue with one equivalent 
weight of hydrogen (l.OOH jHirts 
by weight) or oxygen (S parts by 
weight) or, in generaL with one 
equivalent weight of any substance. 

Thus, for instance, if hydrogen 
is passed over strongly heated 
cupric oxide, 1 gr. of liydrogen 
will reduce 40 gr. of cupric oxide. 

The latter number is the equi¬ 
valent weight of cupric oxide. 

The ecpiivalent weight of sulphuric 
acid equals 40, since 40 parts by 
weight of sul})huric acid react 
without residue with one equivalent weiglit of magnesium, zinc and 
other metals. In their turn, cu])ric oxide and sulphuric acid react 
with one another without residue if 40 ])arts by weight of sulphuric 
acid are taken for evt^ry 40 jiarts of cujirici oxide. 

11, Development oif Atomics by Dalton. Introduction of the Atomic 
Weight Concept into Chemistry. The discovery of the laws govc^rning 
the combination of elements permitted the English chemist Dalton 
to develop the quantitative aspect of the atomic theory and to explain 
a number of chemical facts, unknown in Lomonosov's limes, on the 
basis of tlie atomic concept. 

John Dalton was born in 1766, in CuinborlnnJ (lOn^land). The son of a poor 
weaver, Dalton went to work at an early age, but s])ent all bis spare in 
studying malhematies, the natin-al seien(H‘s and Lat in. 

In 1793 Dalton w^as invited to ManchestiT to instruct in niatht'inatics and 
natural philosophy at (college. In Manchester Dalto.i was elected Secretary and 
th<>ii J*resid(ajt of the Philoso})hical Society’. 

Of the natural scientuvs Dalton was ('specially inler(*st(>d in inet('orology. 
From 1787 to his v( 3 ry death he daily wrote down his observations of th(> w(>atli(?i 



.lolin Dalton (1766-1844) 
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Hful thus rna(l(' no l(‘ss tljaii 20()J)(>0 ubst^rvatioas. His iiiU'rost in inetoorolo^y 
1(*(1 Iiitu t<» investipite tlu> propertitvs of gases. He* discov'eml tlie Law of Partial 
IVe.ssures of (hises and from it (l(Mliiced, as a eorollary, tlmt the solubility of 
a gas in mix.ture with other gases is proportional to its partial pressure. Prom 
1S03 Dalt(m began t<» <l(‘V('lop tlu' atomic theory in at>plieation to elieinistry. 
He established the Law of M\dti]^le Proportions, introduced tht' conception 
of relativi' atomic weiglits and <lrew up the first table of atomic weights con¬ 
sisting of 14 elements. He was also the first to ust‘ various signs to denote atoms; 
later tht'se* signs W(*re T*('])lac<‘d by tlie cht'mical symbols we (nnploy today. 

Dalton’s works brought him world recognition. Dalton w'as an honorary mern- 
b(‘r of iiainy sci('ntifi(^ societi(>s, in particular, tlu' Moscow’ SotM(*ly of Natural 
Sci(‘nce Pans. 


Dalton's views were osseiitially as follows: 

1) All suhstanees consist of minute ])artieles—atoms, bound together 
by forces of mutual attraction. 

’2) Each substance consists of its own atoms. Sim])le substances 
consist of sitn])le indivisible atoms, complex substanct^s of ‘complex 
atoms,” callable of breaking down during chemi(;al reactions into 
atoms of simjde substances. 

3) All the atoms of the same substance are identical in shape and 
weiglit, but dilfer from tlie atoms of any other simple or complex sub¬ 
stance. The weight of a complex atom equals the total weiglit of the 
simple atoms it consists of. 

4) When conqilex substances form, their ’ comjilex atoms” are built 
up of a small number of sinqile atoms. Thus, for instance, two simple 
substances consisting of atoms A and H may form complex substances 
with ])articles of the conqiosition A 4 P> or lL 4-t B or A f2B. etc. 
This accounts for the fact that several diflerent com]>ounds can be 
formed from tlu^ same two elements. 

('om|)aring the views of Lomonosov and Dalton on tlie structure 
of sulistance, we lind that Lomonosov's generalizations were in many 
r(\s|»ects closer to the presimt-day theoi'etical ideas aeciqited in chem¬ 
istry. I'll us, Dalton did not see the (jualitative difference between 
sim])le and convjilex atoms. In liis conce])tion a complex atom (mole¬ 
cule) was a meclianical combination, a mere sum of sim])le atoms, 
and not a new qualitative formation, as Lomonosov considered it. 
Beside's, Dalton Avas strongly against the assumption that simple 
substances may consist of molecules, or complex atoms, by his ter¬ 
minology. According to Dalton, atomic motion was due to thermogen. 
To his opinion atoms themselves had no motion. 

Des])ite the hict that Dalton’s atomics was somewhat limited, his 
atomic h>^])othesis, together with the data on the quantitative com- 
])osition of the substances known at that time, served as a basis 
for the introduction into chemistry of the coric(>pt of atomic Aveight 
of an element. 

Having formulated his views on the structure of substance, Dalton 
undertook the task of determining the Aveight of the atoms of the 
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individual elements. Taking into account that the absolute weights 
of the atoms an* ex(;eedingly small and cannot be dc^termined by 
diiect weigliing, Dalton decided to determine relative atomic ireighis, 
taking the weiglit of tlie hydrogen atom, the lightest of all atoms, 
as unity. 

Thus, Dalton defined the atomic weight of an element as the 
ratio Ix'tween the wt'ight of the atom in (|uestion aiuJ that of a 
hydrogen attorn. 

To determine*, the atomic wenght of any element Dalton would 
jiroceed from the results of analysis of a complex subst ance consisting 
of hydrogen and t he element in (piestion. The* weights of the elements 
in such a substance* must obviously be': to one another as the weight 
of the hydrogen atoms contained in the (-ornplex atom of tlie substance 
is to the weight of the atoms of the other element. For instance, 
in water the weight ratio of hydrogen to oxygen is 1 : S; h(*nee, the 
weights of the hydrogen and oxygen atoms in tin* com])l(*x water 
atom are in the same projKirtion. But to calculate the atinnic weight 
of oxygen, we must know how many atoms of hydiogen and oxygen 
the complex water atom consists of. Indeed, if the liydrogen atom 
in the complex water atom is combined with one oxygen atom, tlie 
atomic weiglit of oxygen will be eight; if there are two oxygen atoms 
to each hydrogen atom, the atomic weight of oxygen is four; if, on 
the contrary, there are two hydrogen atoms for each oxygen atom, the 
atomic weight of the latter will equal D>, etc. Ilaving no data at his 
disposal to solve this question, Dalton made the simplest assumption 
that the water atom consisted of one atom of liydrogen and one of 
oxygen; hence the atomic weight of oxygen equalled (*ight (this 
value was accepted in chemistry for a long time). Thus, the atomic 
weight of an element was identified with its equivalent weight. But 
this identification, aside from its arbitrariness, led to new^ difticulties. 
For instance, it wtis established by analysis that ammonia contains 
jiarts by WT>ight of nitrogen to each part of hydrogen, and nitric 
oxide—7 parts of nitrogen to 8 ])arts by weiglit of oxygen. If, pro¬ 
ceeding from the composition of ammonia, the atomic w^eight of 
nitrogen were a(?eepted as being equal to it w^ould have to be 
assumed that in the complex atom of nitric oxide the oxygen atom 

(8 parts by wTught) is combined wdth J^/g atoms of nitrogen [4 -V- 

+ ^ ~ 7 parts by weight j, i.e., that the nitrogen atom can be 

divided in half. 

Difficulties arose also in determining the atomic weights of elements 
with several e(][uivalent weights, there being no way of deciding 
w^hich of them to accejit as the atomic weight. 

All this showed that the atomic hypothesis was in itself insuffi¬ 
cient for determining the number of simple atoms in the complex 
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atom of a chemical compound and establishing their true atomic 
weights. 

These difficulties were overcome only after the atomic hypothesis 
was supj)lemented by the conce])lion of molecules as tfie smallest 
])articles of substance ca])abl(> of iiidc])eiident existence. This con¬ 
ception arose from a study of re:actions between gaseous sub¬ 
stances. 

12. Itelations ISefweeii (binbiiiing Voliiines of (iases. The first 
quantitative^ investigations of reactions between gases belong to the 
French scientist (-lav-Lussac, the author of the well-known Law of 
Thermal Fx])ansion of (bases. Bet ween 1804 and 1808 he measured 
the volunu'S of gases entering into and resulting from reactions 
between gaseous substances. (lay-Lussac enunciated the results of 
his investigations in the form of the following generalization, known 
as the l^aw of Coinhiiiing Volumes, or (hiv-Lussac’s “(-hemicar' 
Law. 

77/e /'oh/mf',s of infemeth/ff f/n.vc.v are al/vays In a ratio oj amall 

/rhole numbers fo one a?/other and to the roluines oj the yaseoius 

react loti products. 

Of coiu'se, it is taken foi* granted that the volumes of all the gases 
taking ])art in the reaction are nu^asured at equal pressures and 
temperatures. 

To verify (bay-Lussac’s Law, let us examine sevwal reactions 
betwec'ii gaseous substances. 

As vv(' know, when water is decom]K>sed by electricity, the volume 
of hydrog(Mi liberated is always twice as large as that of oxygen. 
These gas(\s have to be mixed in the same two-to-onc ratio for them 
to comliine without lesidue into water. The volume of water vapour 

they form in this case is equal to of the initial volume of the 

gaseous mixture, i.e., three volumes of detonating gas, or two volumes 
of hydrogen and one of oxygen, give two volumes of water vapour. 
Thus, in the leaction between hydrogen and oxygen the proportion 
between their volumes and that of the icsulting water vapour is 
very simple. 

Now let us turn to another well-known reaction between gaseous 
substances. If we mix equal volumes of chlorine and hydrogen and 
pass an electric spark through the mixture or expose it to bright 
sunlight, an explosion will take place, resulting in a new gaseous 
substance hydrogen chloride. The gases combine without residue 
if their volume i-atio is one to one, and exactly two volumes of hydro¬ 
gen chloride are formed. 

The same regularity is observed in the formation of ammonia 
from nitrogen and hydrogen. One volume of nitrogen and three of 
hydrogen form exactly two volumes of ammonia. 
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All this is well illustrated by the following diagram: 
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13. Avogadro’s Law. Gay-l^ussac’s investigations attracted the 
general attention of chemists. The sinipliciity of the relation between 
th(* volumes of reacting gases showed that here was a manifestation 
of some fundamental y)roperty of gases, another expression of which 
was their identical behaviour when subjected to changes of pressure 
and temperature. In the opinion of Berzelius, one of the most 
authoritative chemists of that time, this pro])erty consisted in the 
fact that ecpial volumes of gases under identical conditions contain 
equal numbers of atoms. Hence it seemed that the atomic weights 
of gases could be determined by com|)aring the weight of the gas 
with the weight of an ecpial volume of liydT'ogen. However, this 
assumption immediately came up against a number of contradictions. 
Indeed, if the number of atoms in equal volumes of gases is the same, 
then one volume of chlorine and one volume of hydrogen, for in¬ 
stance, cannot give more than one volume of hydrogen chloride, as 
the complex hydrogen chloride atom must consist of at least one 
atom of chlorine and one of hydrogen. Meanwhile, in Gay-Lussac’s 
experiments two volumes of hydrogen chloride were formed. Similar 
contradictions arose when other reactions between gases were 
examined. 

The key to the explanation of Gay-Lussac’s laws was found by 
the Italian physicist Avogadro, who pointed out in 1811 that all 
these contradictions could easily be eliminated by introducing the 
conception of the molecule as the smallest particle of any substance 
capable of independent existence, at the same time retaining the 
concey)tion of the atom as the smallest amount of an element in 
molecules of various comj)ounds. Avogadro emphasized the fact that 
moheuhs of siyn/ple substances are not necejisa.rily identicMl with elemental 
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atoms; on the contrary, they usually consist of several identical 
atoms, as Lomonosov had affirmed at an earlier date. 

Avogadro's main thesis was as follows: 

Equal volumes of amj gases at the same iemperature and the 
same, pressure contain equal numbers of molecules. 

Avogadro's hy])otlu\sis not only explained the sinifile pro])ortions 
het^^(^en the voluiiK^s of reacting and resulting gases, but also ])e?- 
mitted some very impoitant conclusions regarding the number of 
atoms in the molecules of sim])le and complex gases, opening the 
way to the determination of true atomic* weights. 

14. Triumph (d* the Slolecular Theory. The conception of the 
molecular structure of simple substam^es did not by any means 
receive immediate recognition. Its adversaries were Dalton and 
Berzelius, the main chemical authorities of that tinu*, who stubbornly 
would not admit tlie ])ossibiIity of molecules consisting of like atoms. 

It was not until the late forties of the XIX century tliat Avogadro's 
hyi>othcsis began to gain footing in chemistry. But it was linally 
recognized only in the sixties as a residt of the work of Avogadro’s 
countryman, tlie Italian scientist (•annizzaro. In 1858 tlicre api>eared 
a booklet by Cannizzaro entitled "Synopsis of a Course in Chemi(^al 
J^hilosoj)hy” in which, ])roceeding from Avogadro's conce|)tions of 
molecules, lie set forth his vicAvs on th(^ fundamental probk>ms of 
chemistry with remarkable clarity and [lointed out methods of 
determining molecular and atomic weights which (wcluded all jios- 
sibility of arbitrariness in their selection. Cannizzaro sent his booklet 
to many prominent chemists of Europe. On the initiative of some 
of them two years later (in LSHO) a congress of chemists of all countries 
was called in Karlsruhe to discuss the current problems of chemistry. 
Here Cannizzaro's vieAvs received geiKMal approval. As regards the 
main (piestion, concerning the difference b(*tween atoms and mole¬ 
cules, it was resoh ed to distinguish strictly in the future between 
these two most important conceptions of chemistry. The congress 
ado])ted the following delinitions: 

A molecule is the ultimate particle of a substance capable of existing 
independently and incapable of being further broken doirn without loss 
of the essential chemical properties of the substance. 

An atom is the smallest particle of an clement in the molecule of a 
simple or complex substance.^ 

"I'oday Avogadro's hy])othesis as to the equality of the number of 
molecule's in equal volumes of gases has been eonlirnKHl by so many facts 
in the sphere of ])hysics and chemistry that it may be considered a law. 

* At pH'srjit i1h’S(* (It'fiiiilions caniiot Ik* con.sich'nMl exhaustThe nwler 
will ii inorf' eor.)})let<‘ i<iea of’inolc^enles and atonis af'i(T a study of their 

.struct lire. 
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15. Molecular Theory and fheinieal l^]leiiieii<s. The tJieoiv of 
atoms and molecules brought considerable clarity and distinctness 
into one of the most imj)ortant concepts of chemistry—that of the 
chemical element. 

The term “element'' was introduced into chemistry by Boyle to 
denote simple substances, i.e.. substances which cannot he decomj)osed 
by chemical means. For a long time these two conceptions were 
considenMl ecpiivalent. 

J). Mendeleycn' was one of th(‘ lirst chemists to point out the 
necessity of distinguishing clearly between the notion of a simple 
body, as an ijidividual liomogeneous substance, and of the same 
simple body as a substantial })art or elemeiii in cojnplex substances. 

Indeed, a simple substance possesses definite jdiysical and chemical 
])ro])erties, but when it combines with another substance it loses 
most of them. For exam])le, when iron combines with sulphur, it 
loses its metallic lustre, malleability, magnetic ])ropert-ies, etc. Hence, 
iron sulpliide does not contaiii iron as such, as we knou' it in contra- 
distiiHition to other substances. I^ut since metallic iron can be obtained 
again from iron sul[)hide In' means of chemical reactions, chemists 
say that iron sulphicle contains the vlemmi iron, meaning the material 
which goes to make up nu^tallic iron. Like iron, the sul])hur in iron 
suli)hide is not in the form of tlie brittle yellow combustible substtuice. 
but in the form of the elmtent sulphur. Similarly, the hydrogen and 
oxygen contained in vvalxT are not the gaseous hy'drogen and oxygen 
with their cliarac^teristic projierties, but the elewenf,s hydrogen and 
oxygen. In their “free state” these elements are sim])le substances. 

W'hen in the sixties of last century the views of (^annizzaro began 
t-o take root among chemists, the simple substance and the chemical 
element were compared with the molecule and the atom; a simple 
substance, like ariy- substance, consists of molecules, while a chemical 
(dement consists of atoms. Subsecpiently, the chemical element Avas 
gradually identified more and more with the atom as the smallest 
particle of the element, existing in molecules and carrying all the 
|)ro])erties of the (dement. Thus, from the standpoint of the theory 
of atoms and molecules, a ckvmiml dement is a kind of atoms possessing 
a definite set of properties, hkich S('parate atom is a chemical element, 
l)ut any’ (U)mbination of atoms is no longer an elem(mt; if atoms 
of the same (dement unite they form simj)le substances; combinations 
of different, elements result (dther in a mixture of simple substances 
or in a (*omplex substance. 

The difference between a sim])le substance and an element becom€\s 
es]»eciallv vivid when we liave to do with different simple substances 
consisting of the same ekmient. 

Take, for instaiu^e, a pi(M;e of phcjsphorus. It is a white translucent 
substance, melting at 44.2'^ 0, and very })oisonous; phosphorus gloAvs 
in tlie dark and is cax)able of igniting spontaneously in the air; for 
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tliis reason it is alua^'s ke]>t under water. Phosj:)Iiorus is a sim|)le 
substance; it cannot bo decomposed into other substances. However, 
if we heat phosphorus without access of air almost to the boiling x)oint, 
its pro|)erties will change shar})Iy after some time: it l)ecomes red- 
violet in colour, ceases to glow in the dark, becomes unjjoisonous 
and no longer ignites si)ontaneonsly in the air; moreover, these 
proj)erties do not disa|)pear when the source of heat is removed. 
Thus, we unquestionably luave to do with the transition of one 
substance into another, but with a transition of quite a peculiar 
nature: the initial substance has not decomx)osed, nor has anything 
combined with it. This (nrcunistarice makes us regard both the initial 
substance and that obtained after lH*ating as various forms of existence 
of the same element, phos])horus, in its free state: the lirst is called 

wliite, and the second— 
red phos].)horus. 

1'he best ])roof of the 
fact that white and red 
phosphorus are actually 
different forms of the 
same element and consist 
of the same atoms, is 
their attitude towards 
oxygen: when heated in 
oxygen, both white and 
red phosphorus combine 
with it, yielding the sanie 
substance, ])hosphoric an¬ 
hydride. Hence, j)hos- 
})horus can exist in the elemental state as two simple substances. 
There are many other elements which, like x)hos})horus, exist as 
several different substances. Thus, the familiar simyde substances, 
charcoal. gra]ihite and diamond, though of widely different prop¬ 
erties, are nevertheless various forms of the element carbon. CVnn- 
l)ining with any other simi)le substance, they all form the same 
coTn})lex substance; for example, when any of them combines with 
oxygen, the result is carbon dioxide. 

1iie existence of fi chemical element in the form of several sim])le 
substancjcs is (jailed allotropy, and the simple substances formed by 
one and the same element are called its allolropic modifications. 

Any change in the number or arrangement of the same atoms in 
the molecule results in a cpialitatively Jiew substance with different 
yiropcrties. This w^as pointed out by Lomonosov, who claimed that 
molecules (cory)useless) could differ not only in (yualitative composition 
but in the number or order of combination of their atoms as well. 

Thus, a molecule is not simy)ly the sum of the atoms constituting 
it, and therefore, the y)ro|>erties of a comyfiex substance arc not a 



_- AiuminLum 7.45 p.c. 

-Iron 4.20 p c 
■ Calcium J.25p. c. 
Sodium 2.40p.c. 
Potassium 2. 35p.c. 
Magnesium 2.35 p. c. 
Hydrogen 1. 00p.c 
Others app. 2p.c. 

Fi^. 3. ^^'(•ight p<‘rcfiitag(‘s (»f' tho eh-ments 
lli(' eartli’s crust (aftcT KersTiiau) 
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simple sum of the properties of the elements in it. When almn,s combine 
chemically, they do not remain absolutely nnehanyed. but exert a certain 
mflvence on one another, so that the smne atoms in different molecules 
are in different states. For instance, the state of tlic sul])hur and iron 
atoms in iron sulphide differs from that of the simple substances 
sulphur and iron. 

l(i. Oeeurreriee of the Eleineiils on the (Jlobe. 'fhe abundance of 
tlie different elements on the globe is far from ecpial. The study of tlieii' 
occurrence in the earth’s crust is 
the subject of a s]>ecial branch 
of science called geochemistry, 
founded largely due to the 
works of the Soviet scientists. 

Academicians V. X^eniadsky and 
A. Fersman. 

Vladimii’ ]van()\'i(*h A'oriiadsky, 
oiur of th(^ world’s gn^atest miner¬ 
alogists, devoted many years to 
investigations in the fi('l<l of mineral 
formation aiul to sludic^s of the 
(u>m|:)osition of the earth’s eriist. lie 
established t he pero(^ntage content in 
th<^ lat ter of many (‘leinents, includ¬ 
ing rare and disseminated (‘It.'menis 
(rubidium, caesium, thallium, etc.). 

His works on raflioa(!tivo m(*tals 
and on Hu* ores of the raren* metals 
were the sei(‘ntific basis for the 
d(>velc>pment of tlie rare metals 
iruhistry of the II.S.8.11. 

V(*rnadsky was the' lirst to draw 
attention to the role of live' mu(te>r 
in the? histeuy e^f the? che?mi<*al 
<‘k*ments on the e'arth. In this 
e*e)nn(?e?tion lie? de?voteel the latte*r 
15-2(1 years eif his life? to a study 
of the e*ht?micHl (?ompositie)n and oee*urreiu?e of animal and plant eirganisms. 
Ve'.rnadsky inve'Stigateel their ])artiei])Htioii in rc?aetie)ns hotwe't'ii and the 
migration eif ehemie*al eleme'iits in the earth's crust (the' biejsphe're), and 
founele*el a ne?w imjieirtant hraiuth e)f gc?eK*he:‘mistry known as hiotjea- 
citnnistry. 

At present the composition of the eartlrs crust is quite mt> 11 known. 

The most abundant element is oxygen, which constitutes 49.13 per 
cent of the part of the earth’s crust accessible to investigation (see 
Fig. 3). Second in abundance is silicon (26.0 per cent), and then 
come aluminium, iron, calcium, sodium, potassium, magnesium and 
hydrogen. The nine elements named account for over IIS per cent of 
the earth’s crust, leaving less than 2 per cent for all the rest. These 
two per cent include such economically important elements as co])per, 
zinc, lead, nickel, sulphur, phosphorus, etc. 



\’Iadimir Ivanovich Vcriiadskv 
(1863-1945) 
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It should be pointed out that our usual ideas of the abundance of 
an element often do not tally witli the total percentage content of 
that clemrnt in the earth's crust. Such long-known and W(dl- 
studied elements as mercurv, arsenic, gold, iodine, etc., occur in 
the earth's crust in (piantities many times smaller than titanium, 
zirconium and vanadium, which are ordinarily considered “rare’' 
elements. 

This cojitradiction may be explained as follows. Some of the 
elements, despite theii- small total content in the earth's crust, form 
separate, though rather rare, workable accumulations (deposits) at the 



Al(‘xfiTi(l(T Yc\'jz<’iiv(*vich Fcrsinaii 
(iss:}-iiury) 


to ill .Mriidclcyrv's l\*i 

In wav <>l (*x|)lnni1 ion and shidy of 
and dis('o\'('rcd a nuinher of'(h'posits of 


earth’s surface, occurring some¬ 
times in their native state (gold, 
mercury. j)Iatinum and others). 
Owing to the comparative acces¬ 
sibility of these elements they be¬ 
came known to mankind in ancient 
times, and for this reason are not 
considered rare. Other elements, 
on the other hand, are greatly 
disseminat(»d through the minable 
layer of the (^artlrs (U’ust. and are 
therefore referred to as rare ele¬ 
ments to this day. 

Al(‘xandt‘r Vf*v^eiLyc\i(*h F(‘rsinan. 
i\ jnipi! of X'oriiadsky's, was the foiiudor 
of tho inodtTn school of geochemistry 
and th(‘ author of a inimher of major 
works in poihcMnist ry. 

Like his teacher, Fersinaii dovot4.*d 
much of his lime and effort to the (vs- 
tahlisfiiTK'iit of the so-called “darks" 
mimb(*rs expn‘ssiri^ t}i(‘ relative' con¬ 
tent of tlu' imlividnal eleinenis in the 
earth's (^rnsl. ()f ])roiniii(‘n.t interest an' 
his investi^atiojis of the occurrence of 
lfi(* <'l(*m(‘nls in earth's crust in n*lation 
•iodic 'Fahle. Kc'rsman did a f^rent d<'al 
the mineral wc'allh of' tlu' U.S.S.H. 

’ most \ a]uahl(^ minerals. 


The concefttion "rare clement” should not- be regarded as estab¬ 
lished once and for all. (howth of the demand for special steels and 
alloys du(‘ to the rapid develo|)ment of machine building, electrical 
eiigine(‘riiig and Iransftort, as well as continuous progress in the 
methods of mining and extraction of minerals, make many “rare” 
elements wt^ll kno\\'n and acc(\ssible. For instance, a few decades ago, 
ahnninium and magnesium, now widely used metals, were considered 
rare elenumts and were very expensive. 
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To characterize the abundance of the elements in tlie earth’s 
crust Fersrnan introduced tlie concejit of atomic ])erc(‘ntage, i.e., th(‘ 
percentage content of the atoms of elements in the earth’s (*nist. 
The atomic percentage and })ercentage by w(?ight of the same element 
are different figures. For instance, by the number of its atoms in 
the earth’s crust hydrogen comes third among the elements (lo.b per 
cent), but is ninth by weigiit (1 ])er cent). 

The following elements play an especially inpiortant part in t in* life 
of filants and animals: (carbon, oxygen, hydrogen, nitrogen. snlj)liur, 
|)hosf)horus, chlorine, silicon, |>otassium, calcium, magnesium aiul iron. 

17. Deierminalioii ot* Molecular Weight of (ilaseous Suhslaiiees. 
Avogadro’s Law is the underlying ])rinci])le of a very im]>ortant 
method of determining the molecular weights of gaseous substanc(*s. 
Hut l)efore turning to this method, a few words should lx* said about 
the units in which molecular and atomic Avcights are (‘xpressed. 

At first the acce])ted unit for cahmlating atomic weights was the 
hydrogen atom, it being the lightest of all the elements: the atomic 
weights of the rest of the elements were referred to that of hy(b‘ogen. 
Hut since the atomic w eights of most of the element s w ere d(^t ermincd 
from their oxygen compounds, the calculations were actually made 
in relation to the atomic* weight of oxygem. which was considered to 
ecpial H). The relation between the atomic weights of oxygen and 
hydrogen w'as accejitcxl as ecjual to l(): 1. Subsecpiently, more ])recise 
investigations showed this relation to be lo.SS: 1 or h):l.tH)(S. 
Theyrefore, if the atomic* weight of hydrogen were consick‘i*c‘d c^cpial 
to I. tlie atomic weight of oxygen would be lo.SS. Hut for practical 
icasons it was resolved to leave the atomic? weight of oxygen ecpial 
to lb and ac(?ept I. (MIS as the atomic weight of hyclrog(*n. 

’riius. at firesent the atomic weight unit is ’/jj. of the* weight of 
the oxygen atom. This unit is known as the oxygen iiiiil. 'fhe weight 
of the hydrogen atom equals 1 .OOS oxygen units, that of the snl])hur 
atonv 82.00 oxygen units, etc. 

The atomic irciijht of an dement is the weight of its atom, expressed 
in oxygen units. 

Since the weight of a molecule of any substance equals the total 
weight of the atoms it consists of, molecular weights must obviously 
he exiiresstHi in the same units as atomic weights. For example, 
the weight of the hydrogen molecide, w hich consists of two atoms, 
equals 2.01b oxygen units; the weight of the oxygen molecule, also 
consisting of twe atoms, is 32 oxygen units; the weight of the water 
molecule, which contains two atoms of hydrogen and one of oxygen, 
is ecpial to 16-f 2.016— 18.016 oxygen units, etc. 

The molecular weight of a simple or complex substance is the weight 
of Us molecule expressed in oxygen units. 

Now let us see how^ the molecular w'cights of gaseous substances 
can be determined. 
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According to the Law of Avogadro equal volumes of gases at the 
same pressure and the same temperature contain equal numbers of 
molecules. Hence, it follows that the weights of equal volumes of 
two gases should be to each other as their molecular weights. 

Take, for instance, one litre each of two different gases. Let there 
be N molecules in each volume. We denot/C the weight of one litres 
of the first gas by g, and of the second gas by f/^, and the molecular 
Aveights of the gases, respectively, by M and Since the weight 
of a litre of gas equals the total weight of the molecules in it, 

g^N‘3I, and g^ N 

DiAiding the first etjuation by the second, Ave get: 


The ratio of the Aveight of a given gas to the weight of th(^ same 
volume of another gas at the same temperature and pre?ssure is 
called the deiisify of the first gas with res[MH*t to (he second. Thus, 
for instance, if 1 1. of carbon dioxide weighs l.ff8 gr., and 1 I. of 
hydrogen under the same conditions weighs 0.09 gr., the density of 
carbon dioxide with rt\spect to hydrogen will be 1.98: 0.09 -^22. 

Denoting the gas density by />, aat' may rewrite equation (1) as: 



hence 

( 2 ) 

TIu' molecular ireighi of a gas is exjuul to its densUy with respect 
to (nwthf^r gas multi plied by the molecular treight of the latter. 

The d(*nsities of various gases are determined Aery often Avith 
jespc(*t to hydrogen, as the lightest of all gases. Since the molecular 
w(Mght of hydrogen is 2.0U>. the formula for calculating molecular 
weights then becomes: 

2.016 /; 


or, rounding off the mokMuilar Aveight of hydrogen to 2: 

losing this formula, for instance, to calculate the molecular Aveight 
of carbon dioxide', the density of Avhich with res])ect to hydrogen 
is 22, as Avas indicated above, Ave find: 


M=2.22- 44 
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The molecular weight of a gas is often caiculatcKl also from its 
density with regard to air. Although air is a mixture of several ga.s(‘s. 
still, we can speak of the mean molecuLar rve.ighf of air determined 
from the density of air with regard to hydrogen. The molecmlar 
weight of air found in this way equals 20. 

Denoting the density of the gas in question with respect to air 
by /)j, we get the following formula for calculating molecular weights: 

i/-20.7>, 

It is useful to remember the number 20 whicli is often em])loy(‘d 
in calculations. 

Practically, the determination of the molecular weight of a gas 
reduces to measurement of the weight and volume of a certain quantity 
of the gas in question to find its density, after which the molecular 
weight is calculated directly according to the formula. The density 
of the gas may be computed with respect to any other gas wiiose 
molecular weight and weight per unit volume are known. But since 
the w-eights of gases are given in handbooks at standard conditions, 
while in practice the weight and volume of the gas in question usually 
have to be measured under other conditions, the measured volume 
of the gas has to be reduced to standard temperature and pressure 
(S.T.P.) (0® C and 760 mm. Hg) before the density of the gas can 
be calculated. 

The volume is reduced to S.T.P. by means of the follow ing equat ion 
combining the gas laws of Jkyyle-Mariotte and (h‘iy-J^ussac:* 


wiiere p and r are respectively the press\ire and volume of the gas 
under the conditions of the exj)eriment; - the standard pressure: 

the volume of the gas at S.T.P.; T the absolute temperature 
of* the gas. 

Solving this equation for we get a formula for calculating the 
volume of a gas at 0” C and 760 mm. Hg: 

_ /> •?»' 273 

Example of calculation of molecular weight, ll was found In cxfM'riuicjii 
ihiit 3S0 ml. ofa pas at 27^’ C and SOU inin. 11^ w'(Mgh('d 0.455 gr. Kind the mole¬ 
cular w’(‘ight of t h<> gas if 1 1. of air at S.T. I\ w^eighs 1.203 gr. 


* (lay-Lussac’s (Jas Law' dealing w4th the <l(‘p('nd<'n(H> between tlu' volume 
and the temj>erature ofa gas at eonstant pressun*, should not be confused with 
(la\ -Lussae’s Ch(*mical Law mentioned above (see j). 38). In Knglish and AmcTi- 
can literature tlie fonru*r is more commonly known as Charles's Law-. Tr. 
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Ki'diKMiip: the volimu* inuml to S.'IM*. wo got: 

S(H) . 380.273 


'•» 760.{273 + T7) - 3‘>4.nl. 


Xow wo find iho wc'ight of I I. of this gus ((/) at S.T.P.: 

0.455 . l.OtM) 


364 


1.25 gr. 


Siiv<*o I 1. i>f air woighs 1.2Vt3 gr.. the dorisity oflhogas in fjnoslion with rospoot 
to air 

1.25 


and tlu^ innloonlar wiMghl 

M - 20 - 0.97 ^ 2S 

It should 1)0 Dotod that detorinination of tlio inoleoular weight of 
a gas l)v the above iiudhod retjuires no knowledge whatsoever of 
tlio eheniical composition of the gas: hut its density has to he known. 

Is. iiiratii-MoleeulaT Volume ol* a ^ilas. The molecular wtnght of a 
gas can he calculated in another, simpler way. This method is based 
0.1 the eonce])tioa of gram-mole u’ar volum(‘ of a gas. 

Besides the gram, another specitically chemit^al measure of quantity 
of suh.stance is used in (‘hemistry: this measure is called the gram- 
moleetile or mole, for short. 

A <jV(im-wo}(rule is /( quuntitif of a suhsfancr\ the ireitjhf of irhirh 
iff (froff/.s ev tf americoUff r/iffal to the fttoleeulftr fn ifjhi oj thf stthslftficf. 

For instance, a gram-molecule of hydrogen weighs 2 grams (approxi- 
mat(‘!y). a gram-molecule of oxygen 32 gr., one of water, ISgr., 
etc. Similarly, a gram-atom is the (|uantity of an ehmient. tin* weight 
of which in grams numei ically ecpials the atomic weight of the element. 
For (‘xaniple, a gram-atom of oxygen weighs 10 gr., a gram-atom 
of hydrog(*n- I gr., etc. 

From the definition of t he gram-molecule it follows that the number 
of molecules in a gi am-molecule (mole) of any substance must always 
be the same, indeed, suppo.se one mole of hydrogen (2 gr.) contains 
N molecules, i.e., // molecules of liydrogen weigh 2 gr. Since the 
oxygen molecule is 10 times as heavy as that of hydrogen, obviously, 
the weight of n molecules of oxygen sliould be 2 ^10- 32 gr., or one 
mole of oxygen. For th(‘ same reason n molecules of water should 
weigh I '^gr.. which mak(\s one mole of water, etc. in other wamls, 
fjnffn-ffiolertihus of rorious sfibsiances, Ihoaqh they differ in freight in 
the fnojoritff of cases, contain equal numbers of molecules, it is clear 
that gram-atoms of all the elements afso contain equal numbers of 
atoms. 

At jnesent tlie nnmfxM’ of molecules in one gram-molecule has 
been (leterrnined (piitci accurately (see p. 74). it equals f).02xl0--h 
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According to Avogadro's Law an equal nurn])er of inolecailcs of 
any gas occu])ies an equal volume under identical conditions. Hence 
it follows that the (/raw-wol(‘Cul(.s of all ^suhMariC(!,s in the ga.seoy,^ ,sfate 
occapif equal volumes provided their ternperatnres and pressures are the 
same. There is no diniculty in calculating the volume occupied hv 
one mole ofgas at S.T.P. For instance, it was established l)v e\]H'rimeni 
that I 1. of oxygen at S.T.P. Aveighs J.42hgr. TIuTcdbie, the volume^ 
of one mole of oxygen (.‘12 gr.) under the same conditions will be 
(Mpial to .‘12 : 1.420— 22.4 I. should have obtained th(‘ same figure, 
had Ave calcailated the volnm(‘ of one mole of hydrogcai, oiu' mole 
of carl)on dioxide, etc. 

A (jram-molevule of arnf gas at S.T.P. occupies ff volume of ,22.-/ /. 

This volunu^ is called the grain-molecular or molar volume of a gas. 

ITsing the molai* volum(‘* we can (‘asily calculate the molecular 
weight oi gaseous s(d)stances. To do so. it- is nec(‘ssary only to find 
how niany grams 22.4 1. of the su])stance in question weigh in the 
gaseous stat(‘ at S.T.J*. The result Avill be the jnolecular Aveight. 


Example. 0.7924 <^ 1 *. of chloriiM' occujiies 250 ml. at 0 C/ and 7(9) mm. Hg. 
W’fait is lli(‘ m(»l(‘culiir w(‘ighl of chlorine ? 

'I'lic wciglit of 22.4 I. (22,400 ml.) of <‘hlorin('can l)c found JVom tin* |)ro])ortion 

250:22,400 0.7924 :,r 


1 Icncc, .r 


22.4(X) • 0.7924 
250 ' 


71 gr. 


'fhcrctorc, lli(‘ mol(H*ular weight of chlorim' is 71. 


As in calculating inoleculai- weights by gas densities, calculations 
based on the molai- volume become a little more complicated if the 
temperature and pressure of the gas dilfer from the standard values. 
In such cases the equation 


must be used. 

This equation, combining the laAA^s of Boyle-Mariotte and (Jay- 
Lussac, was first deduced by C4apeyron (1S34). The A^alue of the 

factor in the equation de])ends both on the mass of the gas 

in question and on its nature; the value of is different for equal 
masses of different gases. 

If, lioweA'er, t his equation is referred to the (juantity of gas ecpial 
to one gram-molecule, the factor acquires a quite definite value. 


* The exact value of th(‘ molar volume is 22.414 1., but in ])racti(uil cahuilations 
it is usually oonsid(?red 22.4 1. 
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CMiual for all gases, since a grain-inolecule of any gas at if V and 
TOO mm. Hg occupies the same volume. In t-iiis ease the value 

is the iiniverml gas constant and is denoted by the letter li. Intro- 
diu?ing the denotation R in ecpiation (1), I). Mendeleyev obtained 
the following equation in 1870, referring to one gi*am-molecule of 
gas: 

pv RT (2) 


In this form expression (2) is called tln^ equation of state of a gas. 
The numerical ^'allle of the gas constant R depends on the units 
used for tlie pressure and the volume. If is in atmosj)heres and 
Cq in litres we get: 


R r 


273 


1 .22.4 
"273 


0.082 


I. • atm. 


dr*g. 


In chemi(*al computations the pressure is usually expressed in 
juillimetn^s Hg, and the volume in millilitres. Thtni 

760 • 22,4(K) ml. * mm. 

it=-^ 02,400--y— — 

273 ' d(‘g. 

Since ecpiation (2) refers to one gram-molecule of gas, then denoting 
the molecular weight of the gas by 31, we get for one gram of gas: 


pr=^l.liT (3) 

and for w grams of gas: 

pv^^^-RT (4) 


Equation (4) makes it possible to calculate the molecular weight 
of a gas if the weight, volume, tcmjierature and pressure of a definite 
amount of the gas are known. 


Example. 304 ml. of a gas at 25'' C and 745 mm. Hg woigh 0.7Sgr. Find the 
m()I(‘cular wt'iglil of llu; gas. 

Substituting th(^ values given in the problem into cfjuation (4) and putting 
/' 62,400, we get: 

0 78 

745 . 304 - - - . 62,400(273+ 25) 


j; 


0.78.62,4(K) . ^ 
745 "304 


- 64 


It should be noted that molecular weights determined by the 
above methods are not quite accurate. Besides the experimental 
error, the accuracy of the results is affected by the fact that all gases 



1{>. TAKTIAL PRKSSITKI?: OF A GAS 


51 


and vapours deviate somewhat from tlie laws of Boyle-Mariotte aud 
(j}a>'-l-iussa(?. MolocMilar weights are. determined moT(> ])i*eeisely on the 
basis of careful analyses of the compounds in (|ii(*stion. as will be 
discussed below. 

19. Tartial Tressure of a (Jas. In dek‘miining tlie molceular weiglits 
of gaseous substances it is very often iiecessary to measure t he volume 
of gases collected over water, in which case tlu^y are saturated with 
water vapour. When ascertaining Ibe i)ressure of such a gas it is 
ne(*essary to make corrections for the parfial prcj^surf of the water 
vapour. 

77/c jHirtial pressure of a qas is the pari of the total pressure exerted 
tty a gaseous mixture, which is difs to the gas in question. 

It should be remembered that the ju-essure of a gas at constant 
tem])erature dej)ends only on the number of molecules contained in 
a unit volume of the gas. Therefore, in a mixtur(> of different gases, 
evenly distributed tliroughout th(^ entire volume of its container, 
eatjh gas exerts the same pressure as if it alone occuj)i(Hl the container. 
Suppose, for instance, that 250 ml. of hydrogen and 750 ml. of 
nitrogen are placed in an empty vessel with a capacity of 11., (^a(jh 
of the gases having been under a pressure of 1 atm. before mixing. 
If we first let only the hydrogen into the vessel, its pressure will 
decrease fourfold due to the fourfold increase in its volume, t<jid 
will become ^4 ^tm. Tlie subsequent introduction of nitrogen will not 
change the number of molecules of hydrogen in the vessel, and there¬ 
fore will not change its pressure, which will remain ^4 
pressure is the })artial pressure of the hydrogen in the mixture. 

In its turn, the nitrogen upon being let into the vessel will increase^ 
in volume from 750 ml. to 1,000 ml., and the pressure it exerts will 
become times less than before mixing. In other words, its x)artial 
{)ressure will be atm. The total pressure of the gaseous mixture 
will obviously be 1 atm., i.e., the sum of the partial jm^ssures of the 
separate gases. Thus the partial pressure of a gas in a mixture equals 
the pressure it would exert if it alone occupied the volume of the whole 
mixture. 

Suppose we collected 570 ml. of moist gas over water at a 
temperature of 15°C and a pressure of 780.S mm Hg. This pressure is 
the sum of two values, namely, the partial y)ressure of the gas itself 
and that of the saturated water vapour. The latter has a definite 
value for each temperature; in particular, at 15^ C it equals 12.8 mm. 
Hg. Hence, the f)artial pressure of the gas in this case equals 780.8— 
—12.8—768 mm. To reduce the measured volumes of the gas to 
S.T.P. we substitute its partial pressure (768 mm.) and not the total 
pressure (780.8 mm.) into the formula: 


^ 768 • 570 • 273 

760- (273+ 161 


- 546 ml. 
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Not taking into account the correction for tlu' moisture content, 
e should liave obtained instead: 


7S().S . 570 • 27a 
7mi~(273^“l5) 


555.1 ml. 


Tlve error is i).l ml., i.e., ai^out 1.5 ])er (nmt, Avhich is tolerable 
only in very rough calculations. 

iiO. Determination ol* 3Ioleeiilar Weight ol‘ Vapours. On the basis 
of Avogadro’s Law mo can determine Ibe molecular weights not only 
of gas(\s, but of all substances which ])ass into the gaseous state 
(Avithout decomposing) Avhen heated. For this |)ui|)ose a certaiii 
(plantity of the substance under investigation is (?onv(Mted to vajxnir 
and the w(>ight. volume, teinjxnature and ]>r(‘ssure of the latter are 
measunMl. Then th(‘ molecular weight is calculated as in the case of 
gases. 


riu‘ 

•iUi hr 


s 


.mrlrrular wriglils of tin* \ a|>om*s rf or of rasily volatili/rd Solids 

di't(*nuiin‘d rofivriii(‘?if Iv with lh(^ a])|>arHtus shown in Fig. 4. 

'rht‘ ajiptiratiis consists of a long glass 
1uh(‘ /, with a hull) on its (‘jid, inside a glass 
fliisk containiiig a li(juid which hoi Is at a 
t(‘!n|)('raturr high (‘nough to va])ouri/o the 
suhstancr imd(‘r investigatif)n. Tube' 7 is 
sto}>])('n*d at t ht' top and a hrnt gas drlivt*ry 
tuh(‘ o is rus(‘d into its u])])('r ])art. d'ho otlua' 
(‘lid of tuhr is und(‘r th(‘ surfart^ of th(‘ 
wah'r in dish /. A slioil glass arm is fas(*d 
info till* wall of tuht* 7 o])))ositr tulx^ /i and 
contains a. glass rod (> in a ruhb(*r sl(*(‘\r 5. 
'.rjic rod su])|)orts a tiny test tube* (amf)ul(‘) 7 
containing tiir sample. 

The lifjiiid in the flask .? is ht'atc'd to 
boiling, tlu' air in tube 7 (expanding and 
being partly expelled thniiigli tub(.> 3 as 
bubbles. When the stream of air bu})bl(‘s 
(H'as(\s, indicating tliat th(‘ t(Mn[)i‘rature lias 
b<‘(M>m(* constant, a rnc^asuring tulx^ (eudio- 
imdia*) S filled with waft*!* is Imaight over 
the (*nd of tuh(' tV. dduai, by sliglitly with¬ 
drawing l)a‘glass rod 6‘, t he f(‘St t idx^ holding 
the precis(‘ly wi‘ight‘d samjile is allowed to 
fall to th(‘ bottom of t ube 7, (containing sonu^ 
iiK'ixcury to }»rotect t he hot tom from tho im- 
pa(T. Th('. KuhstaiKce vapourizes and its 
vapours displace a c(.>rtain volumcc of air into 
tho iiK^asuring tutx' wlacro it. ac.(piir(>s room 
toinptiratunc. Ttioro is no m^ed to know the 
tem])(^raturo at wdiich the substance 
va])ourized, since the volume of air in the 
measuring tulxj cxpials the volume which 
th(^ vapours of th(> substance would (xuuijiy at room tomperature if it 
could be vapourized at that temiierature. '.riie third value determiTwxl by the 
('xperiment is the jiressure of tho imaginary vapour, which is (xjual to the y3ressuro 



Fig. 4. A])parat.us for (h'tcrmiriiiig 
molecular w(*ighl of va,} 

/ -jrltiHS tulxu « - flask used as stoam 
l)ath; /i -gas delivt'ry tube; 7 —dish; 

J—nil.»l»er sl«H;ve; fi .;'lass rod ; 7 —test 

iuh(5 with sp<u;iriieM; <S'—nieasiiriiiK tube 
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of llie air in thr moasnrin^ liibo. Thi.^; valiu*. is foinu] by snblnwtin^ tho ])i(\ssrirt‘ 
ofthf' watcT coluinn iii the liilx* S from the j)res.snn‘ of tlie atmos})h<T(‘. 

111. Kinetic Theory oi‘ (lascs. At present the Law of Avo^^adro ean 
be d(^(lueed theoretically from the so-called Kinetic Theory of gases. 
The deduction is not given here, as it can be found in any textbook 
of physics. Wv shall discuss only the essence of the theory, which 
gives an excellent explanation of many of th(^ properties of gaseous 
substances. 

One of the most remarkable properties of gases is their easy 
compressibility. Any gas (^an be compressed to a very great extent. 
Thus, for instance, tlu^ volume of oxygen tak(^n at ordinary conditions 
can be decreased 2(KbfoId and more by means of ])ressure. Hence 
it follows that the molecuk's of gases are s(^])arated from one another 
by large spaces, and wlien we compress the gas we only d(‘crease 
the fre^c space between tliem. Calculations show that the volume of 

the molecules proper is only from to of the total volume 

4 ,UMU .1 joiM.* 

occupied by the gas at 8.T.I\ 

The molecules of a gas are in constant motion: they move in 
straight lines in all directions. The motion of the molecules accounts 
for diff usion, as well as the tendency of gases to occupy the greatest 
possible volume. 

When a gas is enclosed in a vessel of any kind, its molecules in 
their motioji kc^ej) constantly striking against the walls of the vessel 
and thus cause what we call the ])ressuj‘e of (he gas. 

I^et a certain volume of gas be enclosed in a cylinder under a ])ist()n. 
Moving in all directions, the molecuk's of the gas strike agahist tlie 
walls of the cylinder and against the piston. Su|)])ose the ])iston 
receives 500 im])acts per second. IT we move the piston down to tlu' 
middle of the cylinder we theieby halve the s])ace o(!CU])ied by the 
molecules. The number of molecules per unit volume will now be 
twice as large; therefore the ])iston will now be receiving 1.000, ajul 
not 500 im])acts per second; hence, the |)ressure will be doubled. 
If we decreased the volume threefold, tlien, reasoning along the 
same lines, we should come to th(^ conclusion that the pressure should 
inci-ease tlu'cefold, etc. Ihis throws light on the (experimentally 
established Law of Boyle and •Vlariotte, according to which the 
])ressur(e of a givc^n mass of gas at constant tem])erature is in inverse 
])roportion to the volume occu])ied by the gas. 

VVhen a gas is heated the velocity of its molecul(\s incivases, and 
therefore their kinetic (uiergy, ecpial to one half the pioduct of th(‘ 
mass by the velocity scjuared, also inc?reas(\s. HeiUfe, the force of the 
impacts of the molecules against the walls of the A-(\ssel becomes 
greater, and the pressure of the gas increases. 

One of the chief conclusions of the Kiiudic Theory says that lint 
woh'culey^ of all (jase^i at the same tcmperafure possess the same mean 
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kinHic (merfjtj. This means that as the mass of the moleeiile changes, 
its velocity changes in such a way that the product of the mass by 
the velocity squared remains constant. Therefore, t/ie pressure of a gas 
at a given temperature, stipulated by the impacts of Us molecules, depends 
on the number of molecules per unit volume of the gas, but does not 
depend on the mass of the molecule, i.e., on the nature of the gas. 

If we denote the masses of the molecules of two gases by m^^ and 
m<^, and tlieir T*es])ective mean vt^locities by and Cg, then, on the 
basis of the foregoing, we may write; 

wq ri- _ ,.v 


(' 1 ) 


i.e., the mean velocities of molecules are inversely proportional to the 
square roots of their molecular weights. 

The Kinetic Theory makes it possible to calculate the mean velocity 
of molecules. This N eloeity is very high and differs for different gases. 
Thus, at (/' (.' the liydrogen molecule moves at an average rate of 
1.695 m. ]jer sec., that of oxygen at 4*10 m. per sec., etc. 

(bnviuciTig j)ro()f of the difference in the velocities of the molecules 
of different gases can easily be obtained by pcrfoi-rning the following 
exi)eriment. The ap])aratns needed for the experiment is shown in 
Fig. 5. A porous clay cylinder is closed tightly by means of a stopper 
carrying a glass tube which connects the cylinder with a double- 
necked bottle containing some water. A glass tube reaching down 
almost to the bottom of the bottle is inserted through the other 
neck. If we cover the clay cylinder with an inverted beaker prelimin¬ 
arily filled with hydrogen, the latter immediately begins to diffuse 
into the air, and the air into the hydrogen, lint owing to their greater 
velocity the hydrogen molecules penetrate into the cylinder faster 
than the heavier molecules of oxygen and nitrogen can leave it. 
As a result, the pressure within the cylinder and the double- 
nocked bottle increases and the water begins to fountain out of the 
bottle. 

22. Dete.rniiiiation of Atomic Weights. Dalton first attempted to 
determine atomic weights by analyzing various compounds of the 
elements Avith hydrogen. However, to calculate the atomic weight 
from the data of analysis, the number of atoms of each element in 
the compound analyzed had to be known. Dalton did not know these 
numbers, and for that reason many of the atomic weights he calcu¬ 
lated turned out afterwards to be incorrect. 

When in ISll Avogadro suggested his hypothesis concerning the 
equality of the number of molecules in equal volumes of gases, he 
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at the same time ])ointod out a method of determining tlie atomic 
composition of moJecuJes of simple gases. A study of interacting 
volumes in reactions involving hydrogen, oxygen, nitrogen and 
chlorine sliowcd that the molecules of these gas(>.s are diatomic. 
Hence, the atomic weight of any of the 
gases numtioned could be found directly 
by determining its molecular weight and 
dividing it by two. For instance, the 
molecular weight of chlorine was found 
to be 71; hence, it followed that the atomic 

weight of chlorine equalled 35.5. 

Anothei’ method of determining atomic 
weights, which found wider apjdication, wtis 
suggested in 1S58 by Cannizzaro. According 
to this method the molecular weights are 
first found for the greatest ]) 0 ssible number 
of gaseous or volatile com])ounds of the 
('lemcmt in question by their vapour densities. 

Fhen the number of wTught (oxygen) units 
of the element in the molecule of each of 
the compounds is calculated from the results 
of analysis of the same compounds. The 
smallest of the numbers found is accepted 
as the atomic weight. 

To illustrate this method, w-e shall ciiipJo}" 
it to determine, for exam})le, the atomic 
weight of carbon. Table 5 gives the molecular 
weights of a number of carbon compounds and the pei’centage content 
of carbon in each of them. The last column of the table shoAvs the 
quantity of carbon in the molecule of each of the compounds as 
calculated from the percentage composition. 

Table 6 



Pig. 5. A|>j)ara.tiis for 
(lornonst rati ng 1 1 i ffi ision 
of hydrogen 


Compound 

weiffhti 

Oarbun 

content 

j>cr 

Number ofoxyffen 
unil.s of carbon in 
one molecule 

Carbon dioxide. 

44 

27.27 

12 

Carbon mf>noxido. 

28 

42.86 

12 

Ac(‘tylene. 

26 

92.31 

24 

Carbon disulphide . 

76 

15.76 

12 

.H(;n7ene. 

78 

92.31 

72 

Ethyl ether. 

74 

64.86 

48 

Acetone . 

58 

62.07 

36 

Naphthalene . 

128 

93.75 

120 
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The least weight of carbon in the inoleciiles of the compounds in 
Table 5 equals 12. Hence, it is clear that the atomic weight of carbon 
cannot be greater than 12 (for instance, it cannot be 24 or 3()). 
Otherwise, it Avould have to be assumed that the molecules of carbon 
dioxide, carbon monoxide and carbon disul|)hide contain a fraction 
of an atom of carbon. On the other hand, there are no grounds to 
assume the atomic weight of carbon to be less t han 12. Twelve oxygen 
units is tlie smallest quantity of carbon contained in any of its known 
com])ounds. In cliemical reactiojis this quantitA' ])asses from one 
molecule to another Avithout dividing. All the other quantities of 
carbon a.i‘e whole multiples of 12: therefore, this number is the atomic 
weight of carbon. 

The above method of determining atomic weiglits has a short¬ 
coming. 'fhe authenticity of the atomic A\(u‘ght found de])ends on 
the number of com]a)unds of the element investigated. The more 
com])ounds investigated, the smallei* the ]m)bability that any com- 
])ound will b(' found (u)ntaining a fraction of the accepted atomic' 
weight in its molcHudc'. Besides, Cannizzai’o’s method can be used to 
find the atcunic Aveights only of elements Avhich foian gaseous or 
easily volatilized compounds. But most metals do not form siu'h 
(‘om])oun(ls. Therefore, in determining the atomic. Aveight-s of metals, 
anothei* method Avas used in its time, based on the relation between 
the atomic Aveight of the elemcMit and the specific lieat of tlu* corre¬ 
sponding simple substance in its solid state. 

In I SI!), determining the specific heats of various metals, the French 
scKMitists Dulong aiicl IVtit found that the product of the specific 
heat of a sim])Ie substance (in the solid state) by th(^ atomic weight 
of tli(‘ corres])onding element is a])pi-oxi»natcly the same for most 
elements and averages 0,3. Since this product is the amount of heat 
needed to raise the tein])eralure of one giam-atom t)f the elenuMit 
(me Centigrade degioe, it is called the atomic heat. This relationshij) 
is known as th(‘ llule of Dulong and Petit. 

Tho atomic heat of the cU meats equals ft p proximal el ff fJ.-i. 

Table 0 illustrates this Buie. 

P'rom ihv Buie of Dulong and Petit it follows tliat the atomic 
weight of an clement can be found approximately by dividing 0.3 
by the siiecific lieat of the (corn's]londing simple substance, a value 
which (lan b(^ easily determined by experiment. 

Hie above nudhods of determining atomic weights do not give 
(|uite ac^curatc* results ; the actcuracy of det(‘rmination of the moh'cular 
Aveight by the va|)our density is rarely above 1 ])er cent wliile the 
Buie of Dulong and IVtit fiermits determinaf ion of the atomic Aveight 
only approximately. However, the aknnic Aveight found by one of 
these methods can easily be corrected by conqiaring it with the 
ecjuivalent A\eight of the elenumt. 
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Table (} 

Specific Heats of Some of the Elements 


KIothoiiI. 

' Attnnii' j 

S|H.‘r,ifu* 



weiglit 

i 1 



Ma|^n(*simri. 

. 24.3 

0.24S 

0.0 

Siil|)hu?’. 

. 32.U 

0.175 

5.0 

Iron. 

. 55.H 

0.112 

0.3 

(Vj|)])cr . 

. 03.5 

0.095 

0.0 

/ijK*. 

. 05.4 

0.093 

0.1 

Tin . 

. 11S.7 

0.054 

0.4 

Iodine . 

. 120.9 

0.052 

0.0 

(lold . 

. J!I7.0 

0.031 

0.1 

Lca(f . 

. 207.2 

0.031 

().4 


Tiie e(]uiva]eiit weights of the elements can be found very accurately 
from the data of analyses of various com|)onnds. There is a definite 
relation between the equivalent and atomic weights of an element, 
viz.: the atomic wcitjhl of an element is ahrayn a multiple of its equivalent 
u'eiqht. i.e., either equals the equivalent weight or is a whole numb(*r 
of times greater than it. I'his relation follows direcdly from the atomics 
theory and the definition of ‘'equivalent weight/*' indeed, if the 
atom of an element (;an combine with or displace only one atom of 
hydrogem weighing l.OOS o\yg(m units, the equivalent weight of that 
element, ol)viously, ecpials its atomic weigJit. But if an atom of the 
element combines with two or more hydrogen atoms, its atomic 
and e(|uivalent weights cannot coincide: hoAveven-, the latter will 
infallibly be a mfiole number of times smaller than the atomic weight. 
¥ov exam})le, ilie ecpiivaleiit Aveight of oxygen (8) ecpnds one half 
of its atomic weiglit, since the oxygen atom (‘ombines with two 
hydrogen atoms, that is, parts by weight of oxygen combine 
with l.OOS parts by weight of hydrogen. The (>(]uivaleiit weight of 
aluminium, the atom of which displaces three hydrogen atoms, 
equals of the atomic weight of aluminium, et(\ 

Tliiis, to find the ecjuivalent weight of an {Oement we must divide 
its atomic weight by the number of hydrogen atoms that can combine 
w ith or be displaced by that element. The divisor in this cas(^ is f-he 
valency of the element; lienee it follows that the equix alent w(nght 
of an element equals its atomic Aveight divided by its valency: 


equivalent weight 


atomic 

va]<'Ti(^y 


I -sing this relation wr^ can easily establish the exact atomic? w^eight 
of an element if we knoAv its a|)])roximate atomic Aveight and ecpiivalent 
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woighi. For tliis ])iir|)ose we first iind the valency of the clement by 
dividing the ai)f)roxiniate atomic weight b\^ tlie equivalent weight. 
Since the valency is alw^ays a Avliole number, we round the quotient 
to the nearest whole number. Tlien Ave find the exact value of the 
atomic weight by multiplying the equivalent Aveight by the valency. 

Example. of iiuliiiin <*(|Iih1s 3S.25; its s])fx*ific hrat 

is 0.053. Kind tla* (‘xjkM atomic wcij^lit of indium. 

Kirst of all, apjilying tlu' Hide ol' Dnlon^ and IVtit. wc find the approximate' 
atomic wvigld of iiulium: 

0.3:0.0.53 118.9 

'flicn, elividiiiLT tlu' aj)])ree\imat(' atennic we'ij^id hy llic cciuixalcnt vv'cij^lit, 
\vc find tlic valeMicy of indium: 

118.9:38.25 3.1, or. rouiully, 3 

Mulli[ilyiii^ the' cejui\ale'ni wcii^ht by the' vale'iicy we' got the' e'.xact atennic 
we'ight of indium; 

38.25-3 114.75 

There are other methods of dederminiug atomic* A\cights besides 
those just described. Some of them will be dealt Avith in the following 
cha])ters. 

23. Chemical Symbols. Our modern system of chemictal symbols was 
introduced into science in IS 13 by Jhuzelius. He suggested denoting 
the elements by the initial letters of their Latin names. For instance, 
oxygen (Oxygenium) is d(*signated by the letter O, sulphur (Sulfur) 
hy S, potassium (Kalium) by K. When the names of several elements 
begin Avith the same letter, one of the subsequent letters is added 
to the initial one. Thus, for instance, eai'bon (Carboneum) has the 
symbol (\ calcium ((’alcium), the symbol Ca, copper (Cuprum), the 
symbol Cu, etc. 

Chemical symbols arc not merely abbreviated names of the elements, 
but baA-e a definite quantitative meaning as well. Each symbol denotes 
either one atom of the element or a weight of the element numerically 
equal to its atomic Avcight. Thus, O denotes either* one atom or 16 
parts by Aveight of oxygen. Cl—either one atom or 35.5 parts by 
weight of chlorine, ('tc. 

(.\)mbilling chemical symbols, we get the chemical formulas of 
various conqilex substances. Just as the symbol of an clement 
rejiresents its atom, so the formula of a substance reyiresents either 
one molecule or a Aveight of the substance numerically equal to its 
molecular Aveight-. For instance, the formula HgO stands for either 
one molecule or 18 parts by weight of Avater. 

Siiiqile substances are also denoted by formulas which show^ how' 
many atoms the molecule of the simple substance consists of. For 
example, the formula of hydrogen is Hg. If the atomic composition 
of the molecule of the simple substance is unknowm, it is designated 
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l>y the simplest possible formula, i.e., simply by the symbol of the 
element. 

Thus, the syml:>ols of elements and the formulas of subslanees are 
(un])loy(?d in chemistry for two ])ur])oses: 1) to designate atoms ot* 
molecules and 2) to denote weights corresponding to atomic or 
nioleeular weights. Wljen we exjiress reactiojis by chemical equations 
the symbols and formulas stand for the atoms and mole(‘ul(\s of the 
re:acting substances, and in all chemical calculations they stand for 
weights })roportional to tlunr atomic and molecular Aveights (usually 
gram-atoms and gram-mokxmles). 

24. Derivalioii of (4ieinical Foniiiilas. To dei ive tlu‘ formula of a 
<*omplex substance the elements it consists of, and the proportions 
by weight in Avhich they are combined, must iirst be (hitcu inined by 
analysis. Usually the composit ion of a conijdex substan(*e is ex])ressed 
as p(;rcentagos, but it may be expressed in numlxus of iiny other 
kind showing the j)ioportion betwetui the weights of the constituent 
(dements in the substance. For exam])le, the com]>osition of aluminium 
oxide, which contains 52,94 per exmt aluminium and 47.00 per cent 
oxygen, is quite detined if we say that the aluminium and oxygen 
have combiiHxl in a ratio by Aveight of 9 : S. i.e., that there are S ])arts 
by weight of oxygen for i^veiy 9 parts by weight of aluminium. Of 
(•ourse, the ratio S must equal the ratio 52.94 :47.00. 

Knowing the composition by Aveight of the complex substance and 
the atomic Avedghts of the (dements forming it, av(^ can easily tiJid 
the relative number of atoms of each element in the molecule of the 
substance, and thus establish its simplest formula. 

8up])ose, for instance, aa^c wish to derive the formula of calcium 
chloride, which contains 30 ]^(>r cent calcium and 04 ])er cent chlorine. 
The atomic Aveight of calcium is 40 and that of chlorine 35.5. 

Led the number of calcium atoms in the cahdum chloride molecule 
l)e X and the number of chlorine atoms be ;//. 8ince an atom of calcium 
weighs 40, and an atom of chlorine 35.5 oxygen units, the total 
weight of calcium atoms in the calcdum chloride molecule Avill be 
40 X, and the Aveight of the chlorine atoms 35.5 y. The ratio ol these 
numbers, ob\dousiy, must equal the ratio of the Aveights of calcium 
and chlorine in any (piantity of calcium chloride. But the latter 
ratio is 36 : 64. 

Fcpiating both ratios Ave get: 


40 x : 35.5y-=36: 64 


Then avc free the unknoAvns x and y of their coefficients by dividing 
the first terms of the proportion by 40 and the second by 35.5: 


.r : y 


36 

40 


64 

35.5 


= 0.9: 


1.8 
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The numbers 0.0 and l.S ex])ress the relative number of atoms 
ill the eal(;ium chloride molecule, but they are fractions, whereas 
a molecule can contain only a whole number of atoms. In order to 
e.\])r(>ss the ratio .r : y by two integers, we divide both terms of the 
second ratio by the smaller of them and obtain: 

X : y I : 

1'herefoie, there are two chlorine atoms in the cah'ium chloridt^ 
molecule for cacli atom of calcium. This cojulition is satisfied by a 
whole series of foj tnulas: CaCU- Ca./fj, Ca.jCI,., etc. Since we have 
no data to tell which of the above formulas corresjionds to the actual 
atomic composition of tlu^ cal(‘ium chloride molecule, we select the 
sim])Jest of them, (VCb, which indicates the smallest ])ossibl(^ number 
of atoms in the molecule of calcium chlorides 

However, if the molecular weight of the substance is know!i besides 
its com})osition l)y weight, there can be no arl>itrarincss in selecting 
its formula. In this case tlicre is no difficulty in (halving the formula 
which expresses the true composition of th(‘ moh^cule. 

Consider the following example. 

Analysis show(Hl that gluco.se contains 4.5 parts of carbon. 0.75 
parts of hydrogcMi and (i jiarts of oxygen by weight. Its molecular 
weight was found to ecpial ISO. Derive the formuia of ghu^ose. 

As in the previous cas(‘, we first find the ratio b(dw(‘en the numlxM* 
of atoms of carbon (atomic weight 12), hydrogiui and oxygen in tin* 
glucose inohHUile. Denoting tlie number of atoms of carbon by x. 
of liydrogen by y and of oxygen liy we write t lu' [)ro]>ortion: 

12 X : y : 10 r: -4.5 : t).75 ; ti 

hence. 


Dividing all 
0..‘175. w v g(*t: 


three terms on tlu' right side of the eipiation by 
x:y:z - } :2: 1 


H(‘n(^e, the simj)lest formula <»f ghurose would be (dl.,(). But the 
molecular weight calculated according to this fonnula Avould be 
wher(‘a.s tlie actual moleiailar w(Mght of glucose is ISO, i.e., six times 
as large. Obviously, tlx* formula of glucose should }>e 

Formulas based not only on the data of analysis, but on detcaanin- 
ations of the molecular weight as well, aiul showing the actual number 
of atoms in the molix-ule are calhxl Irue or molecular formulas; 
formulas derived (Xily on the ba.sis of analytical data are called 
simplest or empiric formulas. 
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Now ihal we are acMjiiaintecl witli the dtMivation of (^lu^inical 
formulas, we ean easily iiiidersiaud how exact- moJeeular wthghts are 
established. As Avas melltion(^d aboA^e, the existing nudhods of dettu- 
miniiig molecular weights do not in the majority of cases give Cjuite 
a(;curate results. But if we know at least the ay>|)roximate molecular 
weight and tin? jKMcentage composition of the sul)stanc(‘. we can 
establish the formula which e\])resses the atomic com|)osilion of its 
niolecule. Since tlie Aveight of the molecule ecpials the total weiglit 
of the atoms in it, Ave can determine this weiglit in oxygen units, 
i.e., the molecular wcuglit of the substance, by adding up the weights 
of the atoms constituting th(‘ molecule. The accuracy of the molecidar 
Aveight found in this manner will be the same as that of the atomic 
w('ights. 

Tlie detiTniination of the formula of a chemical com])ound can in 
many cases be greatly simyilitied by making use of the (‘oncept of 
valency of the elements. 

It will be remembered that the valency of an el(‘ment is tlu* ])i()])(nty 
of its atoms to combiiu^ with or displace a dctiniti^ number of atoms 
of another element. 

The ralmvy of an (ivwcnt is defined a,s a numher Hhowing how many 
atonos of hydroyen (or a/ny other nniraJenl demenf) the element in 
i/nedion will eondnne with or displace. 

The more profound s(mse ])ut into the valency concept by modern 
(ihemistry will lie discmsscMl in Chapter W 

A^alency coiiceyit ])ertains not only to individual atoms, but 
also to whole grou])s of atoms entering into the coni})osition of 
chemical comyxnmds and ])artici])ating in chemical reactions as an 
integral Avhole. Such groups of atoms are knoAvn as radicals. '^Fhe 
most im])ortant radicals in inorganic chemistry are: 1 ) the hydroxyl 
radical OH; 2) acid radicals: basic radicals. 

The hydroxyl radical results if one atom of hydrogen is removed 
from a water molecule. In the water molecule the hydroxyl radical 
is combined Avith one atom of hydrogen; hence, the OH group is 
uniA^alent. 

Acid radicals are groui)s of atoms (or sometimes single atoms) 
of acid molecules Avhich '‘remain’' if one or seA^eral of the hydrogen 
atoms disiilaceable by metals are imaginarily removed. "J’he A^alem^y 
of these groujis depends on the number of hydrogen atoms removed. 
For instance, sul]ihuric a(^id yields two acid radicals, one of them 
bivalent, SO 4 , and the other univalent, HSO 4 , forming part of various 
acid salts. Idiosphoric acid, H-^rO^, can give three acid radicals: 
trivalent P() 4 , biAuilent HPO 4 and univalent H 2 lH) 4 , etc. 

Basic radicals is the term given to atoms or groTips of atoms w hich 
‘‘remain'’ if one or several hydroxyl radicals are imaginarily removed 
from molecules of bases. For instajice, if we abstract hydroxyl radicals 
successively from the molecule Fe( 0 H) 3 , w^e get the following basic 
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radicals: Ke(()H) 2 , FeOH and Fc. Their valencies are determined by 
the iiuinber of hydroxyl groii])s subtracted from each: Fe(OH)o is 
univalent, Fe(OH) is bivalent and Fe is trivalent. 

lhasie radicals, containing liydroxyl groups, are constituent parts 
of so-calletl basic salts. The latter may be regarded as bases in which 
some of the hydroxyls are re])laced by acid radicals. Thus, if two of 
the hydroxyls in Fe(()H);j are displaced by the acid radical SO,,, 
the basic salt FeOHSO., results; the result of re])laciiig one hydroxyl 
in .Bi(OH);t by the acid radical NOjj is the basic salt Bi(()H) 2 N().^, etc. 

Knowledge of the valencies of individual elements and radicals 
makes it ])ossible in sim])lc cases to derive the formulas of a great 
many cliemical com])ounds very rapidly, relieving the chemist of th(‘ 
necessity of memorizing them. 

Sime the derivation of the simj)lest formulas, namely thos(‘ of 
oxides, bases and normal salts, is generally dealt with in detail in 
elementary (chemistry, we shall confine ourselves to a feu- exain|)ies 
in deiiving the formulas of acid and basic salts. 

Example 1. Derive th(j formula of caleiimi bicarbonate, an acid salt of car¬ 
bonic acid. 

'the composition of this salt must in(*lud(‘ calcium fxtoms an<l the univalent 
aci«l radicals .H(Since calcimn is })ivalent, two acid radical.*^ should be 
taken for (‘uch calcium atom. "Fhereforf?, tlie formula of t lit* salt will lx* Da(H(/();,)n. 

Example 2* Derive the formula of basic copp(‘r carlxmate, the basic copper 
salt of carbonic acid. 

This salt must consist of nnivahmt basic CnOtT radicals and the bivak'nt 
acid radical €(> 3 . 'rh(T<‘for(^ t he formula of the salt is ((HiOH) 2 (’t )3 or Cu^IDH ). 2 C().j. 


The rule for deriving formulas according to valency bccomc^s more 
vivid if the (?()m])osition of the molecules is depicted by their so-called 
slruchiral or amMutional formula.s. The following an? structural 
formulas of some of the simplest compounds: 


Na- O—Na 

HodiJjrn oxide 



ealeiuiii chloride 


/ 


0-H 


Mg(. 

0-H 

tim^iK'siiim hydroxide 


H 

H—C-H 

H 

methanu 


H-0, ,0 

>«t 

H—0^ 0 

sulphuric acid 


Structural formulas show not only which atoms the molecule of 
the compound consists of, but also how these atoms are linked 
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together in the molecule*. In many cases these foi'innlas make it 
possible to exj)lain various properties of the com])oun(]. to compr(‘.hend 
the valejicies of its constituent atoms, etc. I'hey ])lay an especially 
important ])art in organic chemistry, where substances ofteui consist 
of v^ery complex molecules. 

25. Using Formulas for Calculations. Tlie chemical formula of a 
substance, made up of a few letters and figures, contains v('ry much 
important information for the chemist. First of all, it shovNs directly 
what elenKuits the substance consists of and how many atoms of 
each element its molecule contains. Theji it ])ermits a number of 
values characterizing the substance to be comi)uted. Tlie Jiiost im¬ 
portant types of calculations arc given below. 

1. The molemlar weight of the sul)stane(; is calculated from the 
formula as the total w^eight of the atoms constituting its molecule. 
The accuracy of molecular weights so found was Tuentioned in the 
] )reviou s paragraph. 

2. "fhe com'poKiiii)7i hy weight of a complex substance. The com})osition 
of any substance can be expressed as a ratio of the weights of its 
constituent elements. This ratio fol]ow^s directly from the formula 
of the substance. For example, the formula of soda NagCO;, shows 
that there is one atom of carbon and three of oxygen for every two 
atoms of sodium. Hhice the atomic woight of sodium is 21$, and tliat 
of carbon and oxygem, 12 and 16, resj)ectively, the ratio betw^Hui 
the weights of these elements in any quantity of soda must be equal 
to: 

23.2: 12 : 16 3 -46: 12: 48 

The percentage composition of each elemejit in ajiy substance can 
be computed just as easily. 

3. The density of the substance in the gaseous state. This computation 

M 

is made by means of the Ibrmula I) -- , w here D is the density 

of the substance, M its molecular weight and the molecular 
woight of the gas with respect to wdiicdi the density is being deter¬ 
mined. 

4. The weight of 1 litre of gas at C and 760 mm. A gram- 

molecule of any gas at S.T.F. occupies a volume of 22.4 1., hence, 
the weight {g) of 1 litre of gas under the same conditions will equal 
the gram-molecular weight (M) divided by 22.4: 

M 

^ ‘22.4 

5. The volume occupied by any weight of gas. If tlie gas is taken 
at if C and 760 mm. pressure, the computation can be made very 
simply by proceeding from the gram-molecular volume. 
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If, lioAvovoi*, the is at other teiii]KM*atiires and ])ressuies, the 
volume can he (calculated according to the eejuation: 


The same (M^iiation may he em])lov(Ml to calculate tluc weight of 
any volume of gas under any given conditions. 

2ii. Chemical ri(|ualioiis and Caleulalions JUised on Them. According 
to the atomic and molt'cular theory any cluMuiccal iva(*tion (*onsists 
in the molecules of one set of substances turning into the molecul(^s 
of anoth(‘r set of suhstanc(\s composed of the sani(‘ atoms as the 
reacting molecules. Knowing the mcdecidar com])osition of tlu* reacting 
.substances and of the sitbstances formed as a ivsult of the reaction, 
we can e.\])ress any r(‘action by a chcnncal ((/ndiioft. 

A chemical equation is a short way of recoiding a r(‘action by 
means of chemical formulas. In such an ecpiation the formulas of 
tlie initial substanc('s (reactants) are writtiai to the left, and the 
formulas of the reaction |)roducts (ivsultants). to the right of the 
(‘quality sign. Since the total nunib(‘r of atoms !*emains unchang(Hl 
in the reaction, the number of atoms of ea(th element on the left 
and riglit sides of the (‘quation should always be equal, iwovided 
the equation is written (uirrectly. 

In oj'dtn* to write out the e(|uation of a r(‘a(;ti()n, we must know 
precisely which substances ivact with inivh other, and which are 
])rodu(*(‘d as a result of the reaction. A cliemical reaction is an ex- 
pr(^ssion of ex])erimentally establishiMl facts. We cannot, after writing 
down the foi niulas of tlie i-('actants on the l(‘ft side of the equation, 
rearrange them at (jur oMai discretion into n(‘w substances on the 
right side. 

If anal()gi(?al reactions have bc!(‘n studi(‘d thoroughly, the products 
of the rea(‘tion can sonudimes be ])re(licted. It is known, for instance, 
that wlum an acid reacts with a base or witli the (^xide of a metal, 
the r(‘sult is always a salt and water, that the action of an acid on 
a salt usually leads to the formation of a new salt and a new acid, 
etc. H()M'ev(n‘, ev(‘n in th(\se cases unexpected things are likely to 
spring up. '.rinis, the action of hydrochloric and dilute sulj)huric 
acids on many metals leads to the liberation of hydrogen and the 
formation of salts of the metals tak(m, su(;h as: 

Zn I II,S ()4 - Zn8(), + ^^ 

But if we were to write out a similar equation for the reaction between 
nitric acid and zinc, we w(mld be making a gross mistake, because 
the action of nitric acid on metals does not, as a rule, lead to the 
liberation of hydrogen. This example shows that conclusions made 
’by analogy” are not always reliable and therefore should be avoided 
as far as T)ossible. 
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When writing equations it must always })e ke])t in inirKi that we 
are not at liberty to alter the formulas of the substances to balance 
th(' number of atoms on the left and right sides of the ecjuation. 
Equations can be balanced only by sel(‘cting t he cori’cct coefii(;ients. 

Sometimes a reaction is recorded as an unbalanced e(juation. 
showing only which substanccis arc the reactants and A\hich the 
resultants of the reaction. In such cases the e(|uality sign will be 
replaced by an ari*ow, showing the direction of tlu^ cluunictal tians- 
formation. For instance, the combustion of hydrogen sul])hide can be 
r(q>resented schematically as follows: 

HoS-f-O^ >HoO I SOo 

]n practice chemical ecpuitions are used for carrying out various 
calculations connected with the reactions they jepreseni. AVe remind 
th(^ reader that each formula in a chemical equatio)] stands not only 
for the molecule, but for a detinite weight of the substance as well. 
corresj)onding to its molecular weight, for instance, one gram-molecule. 
By substituting the weights of the substances foi* th(‘ir formulas we 
lind the weight ratios of call the substances taking p<art in tlu^ reac;tion. 
For instanctv, the ecpiatitai of the reaction of formation of water 
fi‘om hydrogen and oxygen may be interj)reted as follows: 

l>H, -p 0 , i>H,0 

2 moles 1 mole 2 moU'S 

2 2 4 gr. 32 gr. 2 x 18 -- 30 gr.’' 

It can be seen from the c(piation that 4 gr. of hydrogen combine 
Avith 32 gr. of oxygen to give 30 gr. of wfiter.* 

Having written out the ecpiatioji of a reaction and having deter¬ 
mined by its means the gram-molecular weights of the reacting sub¬ 
stances, Ave Ccan carry out all kinds of calculations needed to reproduce 
that reaction in the laboi’atory or in industry. 

VV'hen a reaction takes place between gaseous substances, its e(pia- 
tion gives an idea of the relatiA e volumes of the react ing gases, besides 
their quantities by AAcight, as is evident from the tolloAving example: 


2("() Oj 2(’0.> 

Wright of gasrs . . . .56 gr. 32 gr. 88 gr. 

N’ohimrs at S.T.D. ..44.8 I. 22.4 1. 44.8 1. 

(2 V()l.) (1 vol.) (2 vol.) 


Therefore, if it is required in the ])roblem to find the Aadumc of gas 
tcaking ])cart or formed in a reaction, there is no need to calculate 

* Of (rours(‘, the Avt'ights of the rcnctiiig .suhstancu^s may ox])r(\sso(l in 
otlior units besides grams, e.g., kilograms, tons, etc.; tins do('S not alter the 
l>roportions by wenght. 
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y>.s- uoight. 7'Jif vohuno can !>(' talcilllliod 
of the reaction. 


diiTctly from the eiinaii., 


Example, How mnny litres of oxygen aui he jwodiieed by deeoitiposijifj; 
100 gr. of’j)()tassimn clilomte? 

Writing out fhn (‘(jiuition of the roaclit>n, we ]»nr down under tfi(> formula 
e{' potn^siiini chlorate its doiil>led molecular weight. an<l iindtT tht' formula, 
of oxygen, its voIutik' in litres; 

KC^IO., :1>K( l ~:U).. 

2.122.5 :\2±4 

245 gr. 07.2 1. 

'riieii, as usual, we \^Tite a ])r()|)ortioii from wliitdi we find the volume 
directly. Avilhout calculating the weight of oxygeu and then converting 
it to litres: 

-> < - lAA c- .» 07.2* 100 ... , 

24;): 100^ ()/.2 : .r; .r- 2^.4 1. 


The volume found is. of course, at 0^ ('and 700 mm. Hg: if any other 
tempei'ature or jiressure is s|)ec*iti(‘d. a eori'esponding rC'Calculation 
must be made. 

27. Traiistorination ol‘ Energy During Clieinieal Tleaetions. ]\lany 
chemical reactions, such as combustion, combination of metals with 
sulphur or chlorine, netitralization of acids by alkalis, etc., are accom¬ 
panied by the evolution of considerable amounts of heat. Such reac¬ 
tions as the d(‘COinposition of calcium carlxmate, the decom])osition 
of mercury oxide and a numlu'r of otlaus, on the contrary, re(juire a 
continuous influx of h(‘at, and stoj) immediately if heating is (liscon- 
timuMl. Evidently, in these cases the chemical change is aca^ompanied 
by absorption of heat. In some reactions light is emitted together with, 
the heat. 

A thorough study of various chemical processes showed that chemi¬ 
cal change is always (connected with the evolution or absor])tion of 
energy. These [)henom(‘na are an essential ])eculiarity of chemical 
(changes; in ])ractice they are often more important than the formation 
(jf new substances which they accomj>aiiy. For this reason we shall 
d(‘al Avith the evolution and absorption of energy during chemical 
changes in greater detail. 

The evolution of energy in the form of heat upon the combination 
of various substances shows that these substances had already 
possessed a certain sup])ly of energy in latent form before* their com¬ 
bination. This form of energv, which is concealed in substances and 
‘ liberated" only during chemical tran.sformations, is called internal 
or chemical enerfjy. 

The liberation of chemical energy is connected w ith its transforma¬ 
tion into other forms of energy. Thus, for instance, when hydrogen 
combines with oxygen, the chemical energy of these substances is 
transformed into thermal energy and manif(*.sts itself as heat given olf 
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(luring th(^ reaction. It is clear that the water formed no longer con¬ 
tains the same amount of energy as hydn^gen and oxygen together 
before their combination. Jlut this does not at all mean that tlim’e is no 
chcunical energv^ left in the water. Water, in its turn, can react with 
otJier siibstane(\s to evolve energy; hence, it still has a sui)])ly of chemi¬ 
cal en(n•g 3 ^ In general, during chemical transformations only part (rfthe 
enei'gy contained in the substances is liberated; we cannot exhaust 
all the chemical energy and do not know how large its 8U])])ly is in 
v arious substances, liy measuring tlie thermal effect of a leaction we 
can judge only of the change the supply undergoes. 

Very many chemical reactions are accompanied by the evolution 
of heat, as diemical eiu^rgy is most readily transformed into thermal 
energy. The conversion 
of (^iiemical energy into 
luminous emn-gy is mucdi 
rarer. Usually wIumi light 
isemittedduringcheinical 
reactions the chemi(*al 
enei’gy is not transformed 
into light directly, but 
througli tlHTinal energy. 

Uor instaiH^e. the emission 
of light during the com¬ 
bustion of coal is a r('sult 
of the coal being brought 
to a high tem])erature by 
the heat evolved due to 
the reaction. The same 
effect can be obtained 
by heating the coal by purely physical means, for exam|)le,, by 
passing current through the carbon filament of an electric light bulb. 
But there are also such ])rocesses, rare though th(\v may be, in whi(!h 
chemical energy is transformed directly into luminous. Th(*se include 
the glow of plios|)horus in tlu? air, the glow of rotten wood, etc. In all 
these case's the emission of light tak('s place without any i)erceptible 
rise in tempei-aturt'. 

(.hemical energy can also be transformed into electricity. To dem¬ 
onstrate this by experiment, two plates, one of ])latinum and one of 
zinc, are placed in a bciiker with dilute sulphuric acid and tluir top 
ends are wired to a galvanonuder (F'ig. fi). 'The indicator of the gal¬ 
vanometer is immediately detk^cted, showing that an el(x;tric current 
is j)assing through the wire. At the same time bubbles of hydrogen 
es(ja])e from the liquid, while the zinc and sulphuric acid are gradually 
used up. It should be noted that only the zinc and the sul])huric acid 
undergo chemical change, the platinum remaining unaltered and serv¬ 
ing but as a (xmductor of electricity. 
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Thus, under these eouditions the chemical energy ol‘ zinc and sul- 
])huric acid is transformed into electrical eiu'rgy. Under other condi¬ 
tions chemical energy can t)e transformed into mechani(?al. This can be 
easily demonstrated by means of the arrangement shown in Fig. 7. 
The bottle ./ contains sulphuric acid and a few ])ieces of zinc. The 
liydrogen generated by the reaction between the zinc and the sulphuric 
acid exerts pi(‘ssuie on the water in bottle and forces it uf) the tube. 
The chemic^al energy of the zinc and the sulphuric acid in this case is 

transformed into the bulk 
eiuMgy of a compressed gas, 
and the latter - -into the ])oten- 
tial energy of elevated water; 
if a bladed wheel is plaec'd 
under the end of the tube, 
the watei* flowing out of th(‘ 
lattei* will ])ut the wheel into 
motion, thus doing a certain 
amount of work. 

Wluai exj)Iosives decompose, 
t heir chemical ejiergy also turns 
into mechanical energy some 
of it dhectly, and some of 
it after first i)assing into 
therrjial energy. 

Thus, the chemical energy liberated during chemical changes may 
l)ass into thermal, luminous, electrical and mechanical energy. And, 
conversely, all these forms of energy can be transformed into chemical. 
The most frecpuMit case is the transformation of thermal into chemical 
energy. As we know, the decom|)osition of many substanc(>s reepnres 
continuous heating. The heat thus administered is absorbed during 
the reaction and transformed into the chemical energy of the de(U)m- 
position ])roducts. 'J'herefore, for instance', the mei*cury and oxygc^i 
prodiKted by the decoin])osition of merenirv oxide, together contain 
more chemical energy than the mercury oxide from which they origi¬ 
nated . 

Some reactions of combination are also acc(^mpanied by the absor])- 
tion of h('.at. For instance, the ])roduction of iiitric acid from air is 
})ased on the tact that at high temperatures nitrogen unites with oxygen, 
a})Sorbing heat and forming nitric oxide, NO, which can theji be con¬ 
verted into nitric acid. In this case the com])Iex substance—nitric 
oxide— possesses a greater supply of energy than the sim|)le substances 
nitrogen and oxygen from Mhich it was formed. 

Flectrical energy is transformed into chemical energy during the 
decomposition of substances by means of electricity. One of the exam¬ 
ples of such a transformation is the decomposition of water by elec¬ 
tricity. Many metals are obtained from their compounds nowadays 
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in a similar way, as well as various chemical ])ro(liicls. such as ])olas- 
sium chlorate, chlorine, caustic soda, etc. 

"rhe transiormatioii of luminous energy into chemical, accompanying 
the assimilation ol carhon dioxide from the air by green ])lants, plays 
a very important part in nature. 'J'liis ])rocess, which sustains all 
organic life on flie earth, requires a continuous influx of energy from 
the outside. The energy is su])plied by the sun's jays, wliich are 
absorbed by jdants ancl changed into the latent chemical energy of the 
substances formed in the ])lants. 

I'he decomposition of certain substances under the action of light 
is also ac(;ompanied by the absorption of luminous (MUTgy and its 
tJ'ansformation into chejuical energy, '^riius, for examjile. silver (chloride 
oi* bromide can be kept in the dark pi*actically indefiniU'ly. but undei' 
the action of light tliey giadiially decom])ose into theii* constituent 
parts, the silver forming jninute black grains. 'l'h(^ use of silver chloride 
and bromide in ])hotogra])hy is based on this fact. 

Since ejiei'gy is absorlxMl or evolved during (^hemitral changes most 
frequently in the form of lu^at, all reactions dining which (‘nergy is 
liberated are called exolherinal. Reactions in which energy is absoi bed 
are termed eiidotliermal. Accordingly, cliemii^al (‘ompounds jModuced 
from sim])le substanc(*s \\ ith the evoliitioji of energy an^ called exo- 
thennal. in contradistinction to endothcrvutl cojnponnds. dui'ing tlie 
formation of which energy is absoi'bed. EndotluM inal compounds are 
much rarer than exothermal; they form fioin simple substances only at 
high tem])eratui*os, contain a larger (|uantity of eneigy in cojnparisim 
with the latter and decompose with relatively greater ease, i.e., are 
moie or less unstable. On the conti'ary, (exothermal (‘ompounds usually 
form at low or moderaf e temperatures, are more stable and decompose 
with much greater difficulty thaji eiidotherjual compounds. 

From the J^aw’ of (V)nservation of KiuTgy it follows directly that: 

Ij a wriain (juantUif nf hvul In evolved (or ahmrhvd) durimj the jorwa- 
tioN of a chcmieol compound from .simple mh.starices^ ike .saute fiaantitp 
of heal trill he ah.sorhed (or evolved) upon the devoutposUion of that com- 
pottnd into its siutple .suhstance^s. 

Indeed, if more heat were' evolved during t he formation of a complex 
substance thaji is expended on the decomjiosition of the same sub¬ 
stance, w e could, by first uniting the simple substances and then decom- 
])osing the conqiound fornied, obtain a certain heat surplus from 
nothing, which according to the Law of (V)ns(M-vation of Energy, is 
impossible. Hence, it is (dear that the more the luxat given off during 
the formation of a chemi(‘al compound, the more energy has to be 
expended to decompose it. That it why exothermal (iompounds are 
more stable and decompose w ith greater difliculty than endothermal 
compounds. 

28, Therinoclieinical Equations. Tlie amount of hont evolved or 
absorbed during a reaction can be ineasurcMl and includ(>d in the equa- 
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tioii of the refK^tion. All ineasureniciits are oonveniionally referred 
to gram-Tnoleeulcir (|iiaiitities of the substances formed, since from a 
chemical standjioint only sucli quantities are comparable. 

The amount of heat evolved or absorbed dvrinq the formation of one 
gram-molecule of a chemicfd compound from its simple substances is called 
the heat of formation of the compound. For instance, tlie expression 
' the heat of formation of water equals 08.4 C-al.” means t hat so many 
large calories are liberated upon the formation of 1 grannmolecule, 
i, 18 gleams of water from '1 grams of hydrogen and 10 grams of oxygen. 

If the heat of formation of a substance is indi(\‘ited with a minus 
sign, it means that during the formation of the substance heat is jiot 
evolved, but absorbed. For (example, the heat of formation of nitric 
oxide equals —iM.() (-al. 

Chemical equations in which t he quantity of heat evolved or absorbed 
fluring the reaction is indicated are called Iherinoclieinical ecpiations. 
Ill such (equations the chemical symbols and formulas always stand for 
gram-atoms or gram-molecules, and the thermal effect of the reaction 
is usually (^xjiresscd in large calories, having a ])lus sign if the reaction 
is exothermal and a minus sign if it is endothermal. For instance, the 
thermochemical ecpiation of the reaction of formation of water from 
hydrogen and oxygen is as follows: 

2 Ha i ()2--2 Hjj 04- i:U).8ral. 
or 

Ha-f i 02= H20 I 68.4 Cal. 

2 gr. 16 gr. IS gr. 

This e(piation shows that the total internal energy contained in 
2 gr. of hydrogen and lO gr. of oxygen is higher than that of 18 gr. 
of water by a value equivalent to 08.4 Oal. Fractional coefficients are 
quite adinissible before tin? formulas in thermocliemical equations, as 
in this case the formulas denote gram-molecules, and not molecules. 

Unlike the formation of water, the formation of nitric oxide from 
nitrogen and oxygen is accompanied by absorption of heat and is 
expresscHl by the following therinochemical equation: 

Na + |-Oa-= NO - 21.6 Cal. 

Ill this case, as can be seen from the equation, the initial substances, 
nitrogen and oxygen, contain less energy than the nitric oxide they 
form. 

The thermal effects of other chemical reactions are recorded in a 
similar manner. For example, consider the thermochemical equation 
of combustion of acetylene, CgHg: 

CVH 2 -I -2 I 0,-2 C02-fH,0 + 312.4 Cal. 
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This ecjuatioii shows tliat the oo]n})ustjoii of ac^ctyleiu^ is an (‘xother- 
nial reaction and that 1512.4 (^al. of heat are liberated A\'lien I grain- 
inolecule of acetyJene is burned. 

Tlie thermal effect of each chemical n*action is a strictly delinite 
value, v^'hicll depends, however, on the physical states of tlie reactants 
and resultants. For instance, the lieat of formation of watfM’ vapom* 
ecpials 57.S (VI., while that of licjuid water is OS.4 ( VI. The difference 
oi 10.0 (VI. rejwesents the latent heat of evaporatioji of water, evolved 
when the Avater i)asses from the ^jjaseons into the li(juid state.'*' 

In writing th(M-moch(‘mieal reactions the ])hysical state nf the sul)- 
slances is indicated by the following l(4ters placed in ])arentheses 
aftei* the formulas of the corres])onding substances: (s) solid, 
(1) -licpiid. (g)—gas. For cxam])l(‘: 

(.'(s) *-0.^(g)--(H)2(g) I !)7.7('a). 

•HaCg) • -H.()(g) i 57.s Cal. 


If there is no doubt as to the state of the substances the lett(‘rs are 
omitted. 

Thermochemical ecpiations reflect the chajiges taking ])Iace in 
substances during reactions moi*e fully than oj'dinary chemical e(jua- 
tions. Besides indicating the i-eactants and resultants of the reaction, 
they give an idea of the energy transformations accomj)anving it. 

29. Reality of Atoms and Molecules. The theory of atoms and mole¬ 
cules was of immense importance for chemistry, which began to make 
rapid j)rogress under its iiiHuence and in a sliort time had achieved 
brilliant results. 

However, in the late XIX century, when this tlu^ory had already 
given such valuable results, there arose a reactionary trend which 
com])letely denied the very existence of atoms and molecules. Under 
the influelice of the idealistic })hilosophy in CJermany there a])])eared 
the so-called ‘'energy” school of chemists headed by tlie ])rominent 
(hirman scientist Ostwald. This school based its theoretical views 
on an abstract conception of energy, divorced from matter. Its adher¬ 
ents considered that all extenial phenoinejia could be attributed 
to jirocesses taking jdace between energies, and categorically denied 
the existence of atoms and molecules, as particles inaccessible to direct 
sensual perception. 

Ostwald’s energetics was one of the varieties of idealistic philo¬ 
sophical trends aimed against materialism in science. In divorcing 
energy, i.e., motion, from matter, in assuming the existence of non- 
material motion, Ostwald's followers tacitly admitted that our 

* The latent heat of evaijoratioii is given for 25” C, since all the format ion 
heat values also refer lo this tempt'ratim\ 
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conseieiice, t hought, souses exist iudejiendeutJy; as souietliiug })riuiaiy, 
not conneeted M'ith matter. They regarded (diemieal elomeiits as 
various forms of eliemical energy, and not as definite substances. 

The reactionary essence of Ostwald's teachings was brilliantly 
revealed by W T. lionin in his book “Alaterialism and Em|)iriocnti- 
cism.'' Jn Chapter \’ of this Avork. dealing with the connection betAveen 
])hilosophieal i(iealism and certain new trends in ])hysi(?s, lAuiin dwells, 
among others, on the “j)hiloso|)hy ' of Ostwald, ])roves its complete 
groundlessn(\ss and shows the inevitability of its defeat in the tight 
against materialism. 

Lenin not only eom])l(d('ly revealed the idealistic basis of Ostwald’s 
arguments, but ])ointed out the internal contradictions in them as 
well. In advancing the ])hilosophieal idea of the existence of motion 
without matt(‘r, Ostwald rejects the objeetiAC existence of matter, 
but at the same time, as a physieo-(^hemist he himself treats energy 
materialistically at every step, leaning u])on the Law of (.\)nservation 
and 'fi’ansformation of Lnei'gy. 

Soon the iieAv striking discoveries of the beginning of the XX cen¬ 
tury so iirefutably proved the reality of atoms and molecules that 
at length even Ostwald was obliged to admit their existence. 

Among the experimental investigations (kwoted to the question of 
the existenc.e of atoms and molecules, of es])ecial interest are the 
Avorks of the French ■|)hysicist IVrrin, Avho studied the distribution 
and movement of the ])articles of so-called sus|)ensions.*^* 

IVrrin ])repare(l a sus])ension containing jiarticles of ecjual size 
visible under the microsco])e and investigated th(^ distribution of 
particles in it. As a i*esult of numerous ex])eriments, carried out 
AAith extreme care, lie ])rov(‘d that the? vei’ti(;al distribution of tlu^ 
suspiaision ])articles w as in exact agreenuuit w ith the Law- of Vertical 
Decrease of the (Vinciuitration of (iases deduced from the Kinetic 
Tlieory of (hises. 'I'hus, IVrrin shoAve<l that sus])ensions are virtual 
models of gases: hen(‘(‘, individual mol(‘cules exist also in gases, only 
they are invisible oAving to their minute size. 

Fv(*n more convincing were th(‘ results obtained by IVrrin in 
observing the movement of the sus]>ended jiarticles. 

]f a dio]) of a liipiid with particles suspended in it is oliserved 
under a ])owerful mica'oscopi*. it can be seen that the [larticles are not 
at rest, lint k(‘ep moving incessantly in all direidions. Their motion 
is extremely unorderly. If the path of a separate particle is traced 
under the microscope, the result is a very com[)lex zigzag line shoAving 
t lie absence of an y regularity in the movement of the particles (Fig. 8). 
This movement may continue indefinitely A\'ithout AA-eakening or 
changing its character. 

* Sus]M*iiKi()ns! nr(‘ systems e(rnsislin^f of li(|ui(Is wilh minute^ solid ])artieles 
siispeiidi'd ill llu^m. 
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The above j)l)en()nicnoii was discovered in Iis27 by the British 
botanist Brown and is (Tilled the Browjuaii inovemejit. However, it 
found explanation only in the sixti(\s following the (lev(doj)U)eid ot 


thinoleeu 1 ar-kineti(? (‘oii(T>ptions, 
visible irumniient of tlie sus])end- 
ed particles is due to the invis¬ 
ible thermal movcuiUMit of the 
licpiid molecules surrounding them. 
The impa(;ts of the licpiid mole- 
cule>s colliding with the sus])ension 
jiarticles on all sides cannot, of 
course, exactly neutralize oik* 
anoth(u*; at ea(;h moment the 
equilibrium is disturbed in tavour 
of one direction or another, ac¬ 
counting for the faiunful jiath of 
the |)articl(>s. Thus, the very fact 
of the Brownian movcnuent is 
evidence of the reality of mole- 
cukis and givers the ])i<‘ture of 
their unorderly movcuiuTit, since 
the suspended ])arti(d(‘s repeat, in 
gtuieral. the same movements as 
the molecuk's of the li(piid. But 
Berrin went still further in his 
inVT-stigations: by prolong(>d obser¬ 
vation of the movement of the 


According to this (‘xplanation the 



S. I^rDwriiuJi ir»(>\ tTiicJil 


particles und(‘r the microsc'ojie, lie su(a;eeded in determining the nuTin 
velocity of migration of the particles. Hence, knowing tlie mass of 
the particles in the suspension, JVrrin calculated their mean kinetic 
energy. The result he obtained was astounding. He found that the 
kin(>tic energy (d‘ the particles corresponded exactly to that, of a gas. 
calculated for the? same tem])(?rature on tlie liasis of the Kinetic 
Theory. The particles in Berriivs experiments were about 10*“ times 
as heavy as a hydrogen molecule, but the kinetics (mergy ot‘ the two 
was ecjual. After the establishment of these facts the objective reality 
of m()l(‘cuk\s could no longer be dcuiied. 

At ])i'('sent tlie Brownian moiemeiit is legardcal both as a result 
of tlu^ thermal movement of the molecules tlie of liquid and as the 
thermal movement of the susjiension partick^s themselves. The latter 
may be likened to giant molecules taking ])art in the tluumial move¬ 
ment together with the invisible molecules of the liquid. There is 
no difference, in ])rinci]ile, between the one and the other. 

Besides ])r()ving that molecules really exist, Berrirrs experiments 
made it possible to calculate the number of molecules in one gram 
molecule of gas. This number, of universal significance, is called 
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Avo^radro^s iiiunbor. According to Perrin's calculations, it was found 
to equal, approximately, 0.5 :10-^, which was very close to the 
values of this magnitude found eiirlier by otluT methods. Since then 
Avogadro's number has been detcM'inined many times by different 
])hysieal jnethods, l)ut the results have always been very close. Such 
a coincidence of results testifies to the correctness of the nurnbei* 
found and is irrefutable |)roof of the real existence of molecules. 

At th(' present time the accepted ATilue of Avogadro’s numl)er is 

0.02 

The colossal jnagnitude of Avogadro's number is beyond the 
])owers of imagination, AVe can get some idea of it only hy com])arison. 

Let us assume, for instance, that 1 mole, i.e., ISgr. of water, is 
distribut(‘d evenly over the entire surface of the globe. A sim|)le 
computation shows that there would then })e about 100.000 molecules 
on every square centimetre. 

Or another com})arison. Su])pose we vxu'c able in some way to 
label all the molecules in 18 grams of water. If that water Axere then 
poured int<.) the sea and mixed evenly with all the water oi] the globe, 
Ave should, upon taking a glass of Avater from any point, find in it 
about 100 labeled molecules. 












Kit?. 9. Zinc* oxide smoke ])a.rlie.les inagriitied 20,000; 


Since the gram-molecule of any gas occupies a \T)hime of 22.4 1. 
under standard conditions, 1 ml. of gas under the same conditions 
contains 2.7 xlO*-* molecules. If wti should evacuate a vessel of any 
kind to the extreme limit attainable with the best pumps (approxi- 
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inately to oiic-teii thoiisaiid millionth of an atmos])lH're). i.e., ol)taiii 
wliat we practicall v' consider an "airless void.” the nninhei’of molecules 
in 1 cm. of this void would still be considerably larjnrer than the 
human ])opulation of the globe. This gives us an id(‘a of ho\v intini- 
tesimal the dimensions of molecules and atoms must 1>(‘. since such 
an immense numb(‘r of tlumi can lit into 1 cm. A’everthclcss. ])hysicists 
have calculated these dimensions by various methods. If we imagine 
molecules in the foi ni of Awy tiny splmres, tluu’r diameter Avill m(‘asur(‘ 
a few hundred millionths of a ceiithnetre. For exani|)1e, the diameter 
of an oxygen molecule is about x 10 ^ cm., that of a hydrogen mole¬ 
cule is 2.6 X lb" ^ cm. and of a hydrogen atom, 1x10 ” cm. 

'To ex]n-ess such small values it is very convenient to acce])t as 
a unit of hmgth one one-hundred millionth part of a centimetre 
(10 « cm.). This unit was suggested by the Swedish j)hysicist Angstrom 
for measuring the lengths of light Avaves, and is called the Angstrom 
iinii after him. Jt is denoted by the symbol A or A. The linear 
dinumsions of atoms and molecules are usually a fcAv Angstrom units. 

Knowing the number of molecules in one gram-molecule, and 
luuice, the number of atoms in one gram-atom. Ave can cojn])ute 
the Avt'ight of an atom of any element in grams. For instance, if we 
di\ ide a grain-atom of hydrogen by Avogadro’s number, Ave get the 
weight of the hydrogen atom in grains: 

=^1.(57 • 10- .. O.OOO,000,000,000,000,000,000,001,07 gr. 

10 “'* 

It is just as easA' to express the Aveights of other atoms and inolecules 
in grams. It should be noted, for tlio sake of comparison, that the 
smallest difference of Aveight we can still detect with the aid of the 
most seusitiA^e micro-balance is about 3x10 gr., with a maximum 
Aveight of 5 mg. on the balance. 

At present science has at its disposal the means of determining 
the exact arrangement of atoms and molecnles in space, the distance 
between them and in some cases even of photographing individual 
molecules. Modern electron microscojies, emplo^dng electron beams 
instead of light rays, make it possible to obtain images magnified 
tens and hundreds of thousands of times (Fig. 9). 
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PERlODir LAW OF MENDELEYEV 


Aftei* the eoiisolidation of the atomic and moleeiilar tlieories, the 
ijiost important event in chemistry was the discovery of th(‘ [Vriodie 
Law of (liemieal Elements. This discoveiy, made in ISOS by the 
llnssiaji scientist I). Mendeleyev, ushered in a new e])och in chemistry 
and det(n*mined the trends of its develo])nient for many decades to 
come. The classilieation of (‘hemical eJenieiits based on the Periodic 
Law and expressed by .Mendeleyev in the form of a ])eriodic table 
became the guiding ])rinci])le in the study of tlie pro])erties of chemical 
elements and played a veiy imi)ortant ])art in the further develo])- 
ment of the scien(*e of the structure of substance. Therefore, before 
turning to a consideration of the modern theory of atomic structure^ 
we must iirst ac(juaint ourselves with the Pericxlic Table of Elements. 

30. Marly (lassificatloTis of the Eleiiierits. (V)mi)arison of the ])roper 
ties of the chemical elements has long since led to their (livision 
into two large groups -metals and non-metals or metalloids.* This 
division was bascxl piimarily oii diflVrences in the external, physical 
properties of simple substances. 

Metals are distinguished by their charaeteristic ‘ inetallic'’ lustre, 
malleability and ductility; they can be rolled into sheets or drawn 
into wire, are good coiuliudors of heat and electiicity. At ordinary 
temperatures all metals (ex(?(‘])t mercury) are solids. 

Non-metals do not possess these pi-o|)erties. They do not have tlu' 
characteristic lustn^ of metals, are brittle and very poor conductors of 
heat and electricity. Many of them are gases under ordinary conditions. 

But the main criterion for referring an element to oik? grou|) or 
the other is its chemical |)roperties, especially the nature of its oxides: 
oxides of metals are predominantly of a basic nature; oxides of non- 
metals are acidic. 

However, not all the re])resentatives of the above two groups 
have distinctly metallic or non-ractallic pro])erties. As a matter of 

* Tin* l(*rin iTicifilloids \vn,s iivtr(»duc(*il iiilo chcTnisIry l)y Bt‘i*zt*1ius (ISUS) 
1() HuhstaiK'cs (if iioii-nietallic. natuiv. It should b(‘ noted that 

this naiiH* is incorrt'ct , as the w<»rd metalloid means, literally, n'sembling a 
rnetal. 
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I’act, there is a gradual gradation from typical metals to typical 
non-metals, making it impossible to draw a sharp line between the 
two groups. In classing an element as a metal or a non-metal we only 
indieate which of its piopei-ties—metallie or non-metallic are more 
]n*onounced in it. 

The division of the (dements into metals and non-metals was 
(\ssentially their first and siTnj)l(\st classitication. Jiut as time w(Mit 
on tliis classification became insufficient for chemists. 

Attem])ts were made to arrange the elements in smaller groups, 
according to similarities in their ])roperties. Most inv(>stigators in- 
A oluntarily came to the idea of establishing a relation Ix^tweeJi the 
clKMiiical ])roperti(\s of tlie elements and their atomic weights and 
basing their classification on this ])rinciple. 

Jn 1821.) the German chemist Dotu^ireiner published an attempt to 
grouj) elements according to chemical lesemblances. He found that 
(‘lejnents with similar })roperlics ciin be grouped by thrcH\s, where¬ 
upon the atomic weight of one of them turns out to be ap])roximately 
the arithmetical mean of the atomic weights of the other two, as, 
for example: 


Lilhimn . 

... 7 

Sodium. 

23 

I*otassium . . . . 

39 

(’liloriiic. 

. . . 35.5 

Hromiiio. 

. . . so.o 

Iodine. 

. . . 120.5 


Dbbereiner called these grou])s triads. He considered that the 
relationships lie had found could serve as a basis for a systematic 
classification of the elements. However, among all the elements 
known at that time he succeedi'd in finding only four triads. 

Without dwelling on a number of other attempts of a similar 
nature, we shall mention only the direct prc'decessors of Mendeleyev. 

In lSt)3 Newlands, aji English scientist, arranged the elements in 
order of increasing atomic weights and noticed that every eighth 
element, starting from any point, approximately repeated the proper¬ 
ties of the first, like the (ughth note in music. Nmviands called this 
relationship the ‘‘Law of Octaves” and attempted to divide all the 
elements known to him into grou])s (octaves) on the basis of this law. 

Newlands’s first three octaves are given below as an illustration 
of his system: 

H Li Be B C N O 

F Na Mg A1 Si V 8 

Cl K Ca Vt Ti Mn Ke 
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Nowlaiuls's arrangenient of the elements in octaves was rather 
arbitrary: in some eases lie would switch their })ositions to artificially 
accommodate them in his scheme: in others, he woidd put two 
elements in the same position, and he made no allowance whatsoever 
for the ])ossibility of new elements being discovered. Ncwlands's 
system had many (u)iitradictions; however, it was based on the 
(‘orrc^ct assnmjition that the pro])erties of th(' elements gradate 
jieriodically with increasing atomic weights. 

'Jlie next year, in 1S(>4, Lothar Meyer ])ublishe*d a table of some 
of the chemical elements arranged a(‘Cording to their valencies into 
six grou])s. Pointing out that the diffei^ence between the atomic 
wa^iglits of consecutive elements in each grou]) disiilays a detiniti' 
constancy, Meyer concluded his ]>ap(T with the words: ‘‘There can 
be no doubt that a certain relationship exists between tlu’; numerical 
values of the atomic w eights.’’ However. Meyer did not draw^ any more 
definite conclusions as to the nature and im])ortance of this rclationshii). 

l)()bereinei-, Newlands, .Meyer and the other predei^essors of 
Mendeleyev in the systematic arrangement of the cliemical elenumts 
were concerned only with their classification and went no furtlun* 
than to arrange the individual elements into groin)s based on cliemical 
r(‘semblanc(\s. They regarded each element as someihing cpiite indi¬ 
vidual and not related in any way with the other elements. 

31. MiMideleyev’s Periodic Latv. Xhilike his ])redecessors. Mendeleyev 
was firmly convinced that all th(‘ chemical elements must be regularly 
interrelated. He ajiproached the ]m)blem of their systematization by 
attejupting lirst of all to find the ])ro]>erty w hich w ould most accurately 
reflect the relation between the elenumts, and came to the conclusion 
that th(‘ most likely pi’oiierty in tins respin-t w as their atomic weight, 
a value which chaj-acterized the relative mass of the atom and might 
th(U’efor(‘ serve as a basis for systematization. 

“... According to the sense of all exact information on natural 
])henoniena,” wrote .Mendeleyev in his “Jhinciples of Chemistry. ' 
"Ihr vias-s oj a suhstanrc is jtnrlseltf thr propcrlif on which nil its other 
properties tnusi depend. . . . Therefore, it is most natural to expect 
to find a relation between the properties and similarities of elements 
on the one hand and their atomic w^eights on the other.” 

Indeed, arranging all the elements in order of increasing atomic 
w'(‘ights, M(‘ndel(?yev found that elemejits chemically similar to ea(*h 
other occur at regular intervals and that identical properties thus 
re])eat- themselves ])eriodically throughout the series of the elements. 

This remarkable relationsliip was ex]>ressed in the Periodic Law' 
which Mendeleyev formulated as follows: 

The properties of simple bodies., as ivetl as the forms and. properties 
of the com}H)unds of elements, are periodic functions of the atomic 
weights etf the elements. 
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"J'o illustrate the regularities found by Mendeleyev, the first 
twenty elements are written out beloAV in order of their atomic 
AA^eights. 

Beneath the symbol of each element, stands the formula of its 
highest oxide, corresponding to the highest valency of the element: 


H 

llo 

Li 

Ko 

n 

V 

\ 

Uy droprrn 

Krliinn 

J.ithium 

UrryllinTu 

lioron 


XitrofTf!) 

1 1 

4 

9.9 

9 

lO.S 

12 

14 

1 11,0 


Li.,0 

Hii) 

IL,(>3 

(X), 


0 



\a 

>ljr 

Al 

Si 

( )xy^ri\ 

Fliioriiic 


SodiiiiM 

May:ncsiinn 


Silirnii 

( 1« 

19 

29.-J 

2a 

24. :{ 

27 

28.1 

1 

- - - 



M?lO 


SiO, 

r 

s 

(1 

\r 

K 

(‘a 


IMioHplionis 

Sulpliur 


Arjrim 

TN)ta.shiurn 

(Vilciuin 


1 :n 

i 

a5.r) 

.‘{9.9 

.‘{9.1 

49.1 

rO'. 

1 •■jOr, 

SO:, 

nj )- 


K,() 

( Hi ) 



The only excej)ti()n in this series has been made for ]>ota,ssinin, 
which should ha\'e come before argon. As Ave shall see lat(‘r on. this 
exception is fully justified by tiu* pr('sent-day tlu^ory of atomic 
structure. 

Leavdiig hydrogen and helium aside for the time being, let us 
trace the orcler in Avhicli the ])roperties of the rest of the elements 
change. 

Litliium is a univalent nu'tal which dec()m|)Oses A\atei' vigoT’oiisly, 
forming a strong alkali. It is follt)wed by beryllium AAhich is also 
a in('tal, but is bivalent and de(‘ompos{\s Avatcr sloAvly at ordinary 
tem])eratures. After luM'ylliuni comes boron, a triA^alent element Avith 
slightly non metallic ])r()|)erties, but at the same time manifesting 
certain propert ies of a metal. The next in the series is carbon, a tetra- 
valent non-inetal. Then conu^: nitrogen—an element Avith (jiiite 
pronounced non-metallic ])roi>erties. ])entavalent in its highest oxide 
Xotfv oxygen a ty|)ical non-metal. The seventh element, iluorine, 
is the strongest of all non-metals, and until recently no oxygen 
(compounds of tluoiine were known. 

Trom this cursory examination of the pr()|)erties of tlie above 
seven elements aa^c see that the metallic properties, |)ronounced in 
lithium, gradually weaken as avc ])ass from one (dennent to another, 
giving way to non-metallic properties. Avhich reach their highest 
(iegree in fluorine. At the same time, as the atomic Aveights grow, 
the A'aloncies of the elements with respect to oxygen, beginning 
Avith 1 in lithium, increase regularly by one unit for each coiisecuti\"e 
element. 
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If the jiwpcrtics kept cJuiiigiiig fui'tlKT in tiio waiiic diroofioii 
fluorine should have been iollowed by an element with even more 
])ronoune(Hl non-nietallie ])ro|)erties: aetiially the next elernent after 
fluorine neoii—is an inert ^as which does not unite with other 
elements and disjflays neither meiallie nor non-metallic ])ro|)erties. 
N(^on is followed by sodiiini, a univalent metal resembling lithium. 
Here Ave seem to liave returned to the beginning of the sei-ies of 
|)ro])erties just eninnerated. Indeed, sodium is followed by magnesium, 
an analogue of beryllium; then comes aluminium which, although 
it is a metal and not a Jion-metal like l)oron, is also trivalent and 
]K)ssesses some of tlu' ])n.)])erties of non-metals. After alinninium 
come silicon, a tetravalent non-metal, in many r(\s|)ects similar to 
carbon : ])entavalent ])hosi>horus, Avhich resembles nitrogen in chemical 
])ro})erties; sulphur, an element Avith ])ronouneed non-metallic jwop- 
(u‘ti(\s; eliloiine, a very stnmg jion-metal l)(‘longing, as is knowji, to 
the same grou|) of halogens as fluorine; and, linally, again an inert gas, 
ai’gon. 

Jf Ave trace the gradation in ])roperties of all the rest of the elements 
Ave tind that they change in tlie same general ord(w as the tij’st si.vteen 
(not counting liydrogen and helium): argon is again followed l)y a 
univalent alkali metal, ])otassium, then a bivalent metal, calcium, 
Avhich leseinbles magnesium, etc. 

Thus the gradation of pro])erties in the chemical elements with 
incj’easing atojuie Aveight does not ])rogress continuously in one 
direction Imt is of a ])erio(lic natui*e. After a definite number of 
(^kmients there is a kind of relapse to the starting point, after Avhicli 
the })r(j])erties of the ])]-eeeding ehmients are re})eat(Hl, to a certain 
extent, in the same suc(*ession, but with (hdinite qualitative differences. 

32. Teriodic Table of Elements. Series of elements with consecutively 
gradating ])ro])erties, such as the series of (‘ight elements from lithium 
to neon or from sodium to argon, Mendeleyev called ])eriods. If we 
WTit(' the two ])eriods named one beneath the other, ])utting sodiinn 
under lithium and ai'gon umhu' neon, avc get the following airangement 


;)t' (ilcMiioiits: 

Li 
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Now the vertical columns contain (‘lements with similar ])roperties 
and the same valency, for examj)le, lithium and sodium, beryllium 
and magn(\sium, etc. 

Dividing all the ekmients into periods and arranging the latter in 
horizontal rows with elements of similar pro])erties, forming similar 
types of compounds, directly bem^ath one ajiother, Mendeleyev drew^ 
up a table Avhich he called the Periodic Table of Elements by (j roups 
and Series. This Table in its ])resent-day form, sup])lemented by the 
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eleriK^nts discovered after Mendeleyev's time, is given on pages 84 - 85 . 
It consists of ten horizontal series and nine vertical coliunns or groups, 
containing similar elernents. 

To begin with, let ns turn our attention to the horizontal series. 
The first series contains only two elements—hydrogen at the beginning 
of the series and helium at its end. These two extreme elements make 
up the first })eriod in which all the intermediate members are to be 
regarded as absent. 

The second and third series consist of the elements we have con¬ 
sidered above and form twx) periods of eight elements each. Both 
periods begin with an alkali metal and end with an inert gas. These 
three periods are called the short periods. The fourth series also 
begins with an alkali metal, ])otassium. Judging by the gradation 
of ])ro])erties in the two ])receding series, it might be expected tliat 
they would change in the same sequence in tliis case as well, and 
t hat the seventh element in the series will again be a halogen and the 
eighth an inert gas. But this is not so. Tnstead of a halogen, the 
seventh position is occuyhed by manganese, which has very little in 
common with the halogens. Manganese is a metal, albeit of a transi¬ 
tional nature, forming both basic and acidic oxides, of which the 
highest, Mn207, is analogous to chlorine oxide, (12(17. Next to 
manganese in the same series come three more elements iron, 
cobalt and nickel which are very similar to one another but have 
nothing in common with the inert gases. And only the next, the 
fifth series, beginning with copper, finally ends in the inert gas krypton. 
Tile sixth series again begins with the alkali metal rubidium, etc. 

Thus, following argon, the jiroperties of the elements repeat them¬ 
selves more or less fully only every eighteen elements and not every 
eight, as in the second and third series. These eigliteen elements form 
a long period consisting of two series. 

The next two series, the sixth and seventh, also form one long period. 
This ])eriod begins with the alkali metal rubidium and ends with the 
innert gas xenon. 

The eighth series brings a new complication. Here after lanthanum 
come fourteen elements called the rare-earth metals or lanthanides^'^ 
which occur in very small (piantities and are very similar to lanthanum 
and to each other. Owing to this similarity, which is due to the pecu¬ 
liarities of their atomic structure (see § 55 ), the lanthanides are now 
placed outside the general Table, their i)08ition in the system being 
indicated in the box allotted to lanthanum.'* ** '* 

* Sornotiiuos they ar<> also called lanthanoids. 

** ill Mendeleyev's original Table there was a large blank interval betwo(*n 
cerium and tantalum, including the latter part of the eighth series, the ninth 
series and the beginning of the tenth series, the total number of series being 
twelve. At present, the lanthanides having been included in a singk* group, 
the table consists only of ten series. 
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Since the next inert gas after xenon, radon, is only at the end ol tli(‘ 
ninth series, the eighth and ninth series also form one long ])eriod 
embracing tJiirty-lAvo elem(‘nts. 

In the long periods. Jiot all the ])roperties of t he elements change as 
eonsisteiitl\' as in the secojid and third short ])eriods. Here Hie usual 
gradation of ]M‘oj)erties is su])pleinented by a certain ])eriodicity within 
the j)eriods themselves. Tluis, for instamr, the valejioy first increases 
I'egularly from (‘lenient to (‘lem(‘nt, but aft('r reaching a maximum 
in the middle of tlie period, drops abruptly to one, and then increas(^s 
again to seven at the end of the period. In connection with this, the 
long piTiods are divided into two jiarts (two series), each of whi(*h forms 
a kind of separate jieriod. 

The tenth s€‘ries contains only tifteen elements, the last nine of \a hi(di 
weie ])l•oduc(^d comparatively recently by artiiicial means. Tliesc 
nine elements, as w(‘ll as the three pre(‘eding ehnnents, uranium, ])ro- 
tactinium and thorium, are very similar in atomic struc^ture to actinium, 
for which reason th(‘y, like the lantiianides. are placed outside the 
geiunal 'Fable undei* the name of aeiiiiides. 

Thus, the ten horizontal sewies of th(‘ 'Fable constitute thrc'c short 
]Hn*iods, tlu*(H‘ long and one ineom])lete ])eriod. The first jieriod begins 
with hydiog(^n and the ivst with one of the alkali metals, l^ach p(Tio(i 
(Mids in an inert gas. 

'Flic v(‘rtica] coiumns of the Table, or the grou])s, as indicated above, 
contain elements witli similar properties. 'I'luuefore (‘ach vej*tii\al 
group is a kind of natural family of (‘lements. Ther(‘ are altogetluu* nin(‘ 
su(?h groups in the Table, The numbcTs of the grou]) are indicatc'd at 
the to]) by Homan numerals. At the bottom of the Table are given 
the types of the highest salt-foj*ming oxides characteristic of each 
grou]). 

The first grou]) includes elements forming oxides of tlie ty])e H J); 
the second, of tbe type HO; the third, of the type HA_);j, etc. 'Thus, 
the high(‘st valeruy of the (‘lenumts of each grou]) in tluur oxygen 
com])ounds corres])onds, ^^ith very f(‘w (‘xceptions, to the number 
of tlie grouj). 

'Fhe g!*ouf) may also be characterized by Aalency with resjiect to 
hydrog(ui. 'Fhe (‘lements of the first, second and third grou])s are almost 
(‘xclusively metals which either do not ctombine with hydrogim, or 
combine with it to foi*m solid substances d(‘C()m])()sable by water. 
On tbe other hand, the noji-metals situated in the fourth, tifth, sixth 
and seventh groups, giv(‘ chara(rt(^ristic gihscom hydrogen compounds, 
the types of which are indicated at the bottom of the 'Fable. Jt can be 
seen that Avhile the valency of the non-metals with resi)ect to oxygen 
keeps growing continuously, their valency with respect to hydrogen, 
(Kjual in the fourth group to 4, decreases, the sum of both valencies 
(with respect to oxygen and to liydrogen) ahvays equalling 8. This 
makes it possible to determine one of the valencies if we know^ the 
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oiluM*. For instaiKJO, if wc reiiiejiiber that nitrogen is trivalent with 
rc^speet to hydrogen (NH:j). we find tliat its highest valeney with re¬ 
spect to oxygcTi e(|nals r> (S ;r- o). 

('oni|)aring elements belonging to the same grouj), it will readil\' be 
seen that, beginning with the fourth hoiizontal series, each elenu^nt 
bears Jess resejnblancci to the elements dire(?tly above and directly 
bellow it, than to its luvighbonrs in th(‘ same liorizontal series. For 
instance*, bi-omine in the seventli grouj) is not adjacejit to chlorine 
and iodine but is s(‘parat(‘d from eacli of tliem by oih> element; tlu* 
similar elements selenium and tellurium in the sixth grou]> are sepa¬ 
rated by molybdeJium, which has very little in common with them. 
I’otassium, a. metal of th(> first group, bears a. great r(‘semblance to 
rubidium in the sixth sei'ies but has very little in common with copper, 
whicli is situated directly below it, (‘tc. 

This is due to the* fact that the fourth series marks the beginning of 
tlu* long ])eriods. (‘ach of which consists of two series, an even and 
an odd one. situated one above the other. For this leason. each 
group includes one element from th(* first half of the ])eri()d (the even 
s(*ri(*s) and one from tlu^ second half (odd series). Since the metallic 
])roi)erti(*s vv(*aken within the ])eriod from left to right, it is cl(*ar that 
in the elem(*nts of tlu* (‘V(‘n seri<*s they are sti’onger. generally, thaji 
in those of the odd series. To indicate this diffei’enee between the 
s(*i’ies, the even seri(‘s t*l(‘ments of the long periods are written in the 
d'able at the left side of their l)oxes and the elements of the odd 
series at the right side. 

'riius, beginning with the fourth series, each group of the periodic 
system. ex(?ept the eighth and zero groups, can be sul)divick*d into 
t wo subgroups: an ‘ eveir’ subgroup, embracing the even series ele¬ 
ments of the long |)eriods and an ‘’odd ’ subgrouj) constituting 
tlu* (*lements of tl)e odd series. As to the eletm*nts of the second 
and third ])eriods, which ;^^endeleyev called lv|MeaI, in some groui)s 
they are closer in pro})ert ies to the elements of the even series and in 
others to the elements of the odd series. For this leason the ty])i(‘al 
el(‘inents are usually (‘onibined with the elements of the even or 
odd series which resemble them into the iimiii subgroup whic^h is more 
chara(;teristic of the given group; the remaining subgroup is accordingly 
called the secondary subgroup. In connection with this, the typical 
elements of the first and second grou|)s are written at the left side of 
their columns and those of the other groups at the right. 

The difference between the main and secondary subgrou])s is most 
pronounced in the extreme groups of the Table (not counting the eighth 
and zeio groups). Thus, in the first group the main subgrou]) is made 
uj) of the even series elements of the long periods—potassium, rubidium, 
caesium and francium, and lithium and sodium of the second and third 
series. They all possess pronounced metallic properties and decomi)ose 
water violently to form strong alkalis. The secondary subgroup consists 
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ol‘ (•oj)|K*r, silver and gold wliieli l)car very little reseniblanee to ilu* 
elements of the main subgroup. In the seventh group the main sub- 
group eonsists of the non-metals fluorine, chlorine, bromine and 
iodine, while th(‘ s(M*ondarv subgrou]) constitutes elements of th(‘even 
rows juanganese, tc'clmetium and rhenium which have predomi¬ 
nantly metallic pro|)erties. 

Jn th(‘ main subgroups it can readily be s(*en that the jnetallii^ prop¬ 
erties of the elements l)ecome more pronounced Avith increasing atomic 
weight. 

eight h grou]) of (elements occupies a uniepu' position in the IVri- 
odie "fable. It contains only nine elements, t hree v(U'v similar elements 
b(‘ing situated in each horizontal series. These ‘'triads'' are transi¬ 
tional between the end of one hoi-izontal series and the b(*gimiing of tlu' 
ne.xt in ea(‘h long period. The elenuMits of the eighth group might be 
e.\i)eeted to lune the highest valency Avith respect to oxygen, ecjual 
to S. HoAvever, so far tlu‘ highest oxides of the type IM)| have been 
obtained only for a fcAv of tliem. 

Mendehw ev's original "ral)le eontaiiuHl only eiglit groups, as the inert 
gases ai’gon, h(*liuin. etc., were nnknoAvn at the time he cojnpiled it. 
Aft(*rAvards, Avhen the iiunt gases AV(‘i*e disc(»\^er(‘d, a new grou]) had 
to be set a])art for tluMii. .Sbrndeleyev ])laced tlumi ludbrc^ the tirst 
gioup and called tlunn Ilu* zrro group. Avldeh, besides the order, indi- 
(^at(‘d the uni(pi(‘ chemical nature* of tlu' gi'oup: its membeu's do not 
combine Avith othei* elcjuents. i.e., are of zero val(‘ncy. However, at 
present, for a rc'ason Avhieh will })e exjilained later, the zero gi*ou]» is 
usually ])laced in tin* last column at the l ight side of the Table. 

it should be noted that as far ba(*k as LSSIf, elevem years before the 
dis(‘overv of the tirst of the inert gases, argon , a llussian revolutionary 
and sci(*ntist, X. MorozoA', impiisoned by the tsarist government for 
his revolutionary activities, predicted the existence of the inert gases, 
theoretically calculated their atomic AAcights and indicated their exact 
places in tin* ^Mendeleyev Table. But Morozov's remarkable ])rediction 
l)(M*anie knoAvn only after his liberation fiom prison in l*.)05 and the 
publication of his woiks written in solitary conlinement. 

In building uj) the jieriodic system, the guiding princi|)Ie by Avhich 
M(*nd(‘lt\vev arranged the ekmients was their atomic Aveights. Hoavcwcj*, 
as can be seen from the Table, this |)rinciple was transgr€\ssed in three* 
cases. Argon (at. wt. .‘hkh44) stands before potassium (at. Avt. IhblOti) 
although its atomic weight is greater tlian that of ]K)tassium, cobalt 
(at.wt. r)S.!)4) comes before nickel (at.Avt. oS.tit)) and tellurium (at.Avt. 
127.01) precedes iodine (at.wt. 120.1)1). Jn these cases Mendeleyev 
departed from the usual order because the projierties of these elements 
rcapiired pr(‘cisely the sequence indicated, "riius he did not regard 
the atomic weight as the decisive factor, but in establishing the yiosi- 
lion of each ekunent in the Table, tf)ok into account all its individual 
])roperties. 
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Later investigations showed that Mendeleyev's arrangenient of 
the elements in the periodic sj^stem was perfectly correct and corre¬ 
sponded to the structure of their atoms. Tliis will be dealt with in greater 
detail in ('ha])ter V'll. 

Thus, in the periodic system the |:)roperties of tlic elements, their 
atomic weights, valency, chemical nature, etc., vary in a definite 
order both liorizontally and vertically. The position of eacli element 



Atomic weight 
Jn. An.miic volume eurvo 

in the Table is therefore determined by its ])ropei*ties and vice vei’sa, 
each position is occupied by an element possessing a definite set of 
l)roperties. 'J'herefore, wc can predict the ]n*operties of any clement 
(piite accuT'ately from its ]>osition in the Table. 

Su])])ose, for instance, that we have to iind the properties of the ele- 
jnent situated in the third horizontal series between magnesium and 
silicon. Tlie very fact that the element is in the third group shows that 
it forms an oxide of the tyt)e RoOs, i.e., that it is t rivalent. Then, since 
the element magnesium at its left, in the second group, is a typical 
metal, and silicon at its right, in the fourth group, is a weak non-metal, 
the element in question will most probably be a metal, but a less typi- 
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(^al one than magnesium. This conclusion is confirmed also by the fact 
ti l at directly above it in the same group is boron with very weak 
metallic properties and directly below' it scandium, whose properties 
are already distinctly metallic. Thus the element in question is a metal. 
Hence, it dtlier does not combine at all w'ith hydrogen or forms a solid 
compound with it; its oxide, as the oxide of an clement transitional 
between tlie metal magnesium and the non-metal silicon, must possess 
weakly basics ])ro])erties or be amphoteric, i.e., foi ni salts both with 
acids and bases. Such, actually, are the ])roperties of the element 
aluminium which occupies the position under consideration. 

The atomic weight of aluminium can also be easily com))uted by 
its j^osition in the Table, as the arithmetical mean of the atomic w eight s 
of its neighbours. 

It should be noted that not only the chemical |)roperties of the ele¬ 
ments l)ut very many ])hysical ])roperties of sim|)le substances as well, 
change jKU'iodically if regarded as functions of their atomic weights. 
The j^eriodicity of the change in the physical j)roperties of simple 
substances becomes especially clear-cut if the atomic volumes of the 
simple substance^s, that is, the volumes occupied by one gram-atom of 
each in tlie solid or liquid state, are comparcxl. The curve of atomic 
volumes show n in Fig. 10 illustrates the variation of their values as 
the atomic weights increase. The highest points of the curve are 
occupied by the alkali metals w Inch ])ossess the largest atomic volumes. 

Periodic clianges are also observed in tln^ specific gravities, melting 
and boiling [)oints and other physical constants of simple substances. 

33. Sigiiificaiiee of the Periodic Table. The Periodic Table of Klements 
greatly influenced the subsequent development of chemistry. Besides 
being the first natural classification of chemical elements, showing 
that they form a regular system and are closely related to one another, 
it has proved a mighty tool for research. 

At the time Mendeleye\^ drew" up his Table on the basis of his Peri¬ 
odic Law', many elements w ere still unknow n; for instance, the element 
scandium in the fourth series was one of these unknowui elements. 
I’he element following calcium according to its atomic weight was 
titanium. But titanium could not be placed next to calcium, because 
this would ])ut it in the third group, whereas titanium is tetravalent, 
forming TiU.> as its highest oxide; besides, all its other ])ro})ertie8 show" 
that it should be in the fourth group. For this reason Mendeleyev 
skipi)ed one box, that is, left a blank space between calcium and tita¬ 
nium. On the same grounds two blank spaces were left in the fifth 
series betw een zinc and arsenic, these spaces now being occupied by the 
elements thallium and germanium. Blank spaces had to be left also 
in other series. Mendeleyev was not only certain that there existed 
elements then unknow"n w"hich w"ould fill these spaces, but even went so 
far as to ])redict the properties of three of these elements in accordance 
wdtli their j)ositions among the other elements of the periodic system. 
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He called one of them, which was to take its ])lace between calcium 
and titanium, eka>boron (as its j>rop(?rties would resemble those of 
boron); tMo othej's, for which blank spaces were left in the Table in 
the fiftli series between zinc and ai\seni(t, Avere called eka-aluminium 
and eka-silicon. 

In predicting the properties of these iniknown elements, Mendeleyev 
wrot(': ' .1 take tlie liberty to do this in order that in time at least, 
Avlien any one of these |)redi(?ted l)odies is discovered, I may fully 
reassure myself and be able to convince other chemists of the truth 
of the assum))tions on which the system I have suggested is based.’* 

In t he course of the next fifteen years Mendeleyev’s predictions were 
brilliantly confirmed: all three elements were actually discovered. 
Fiist the Frencli chemist Lecoq de Boisbaudran discovered a new ele¬ 
ment, gallium, which y)()ssessecl all the i)roperties jjredicted by Men¬ 
deleyev for eka-aluminium: soon after, in Sweden, Nilson discovered 
scandium Avith the ]jro])erties of eka-boron and finally, several years 
later, in (jJermany, Winkler discovered the element germanium, 
identical to Mendeleyev’s (ka-silicon. 

To give an idea of the remarkable accuracy of Mendeleyev’s ])redic- 
tions, a comparison of the pro])erti(\s predicted by^ him for eka-silicon 
in 1871 Avith those of germanium, discovered in 1886, is gi\^eii beloAv: 


f*rojwril(.s oj vhi-sifinni 

IOka-sili(M)n Ks n fusihlt* luHal, ca- 
[mble of A'olatilizir),tr wh<’H strongly 
lieat cd. 

Atomic weight of Ks -ai)out I’l. 
S|>ecifi<‘ gravity of Es about 5.5. 

EsO^ sliouht b(* readily nnlueilde. 

Specitic gravity of EsO.. will be dost* 
to 4.7. 

EsEl, is a li<juid, b.]). about 90 C. 
Spe'(‘itle gravity close to 1.9. 


Propertic-s oj tjcrnifiniion 

( aa-iimiLiuin (de- a gre'y rnetal, rneliijjg 
])oiat about 960''C; A olatilizos at 
higlicr t omperatun^s. 

Atomic weight of (lO—72.6. Specific 
gravity of (ic 5.35 at 20 ’ (A 

(JeO^ is ('asily reduced to the metal 
hy coal or hydrogen. 

S]>ecific gravity of GeO., eipials 4.703 
at 18"(\ 

GeC^l 4 is a licjuid, b.p. S3" G. Specific 
gravity 1.88 at 1S'"C. 


Tlie diseoA-eiy of gallium, scandium and germanium Avas a I'eal 
triumph of the Periodic LaAv. Ncavs of the predictions of the Kiissian 
chemist which had come true spread all over the aa orld, and after this 
Mendeleyev’s Periodic LaAv received universal recognition. 

Mendeleyev himself received these discoveries with great satisfaction. 
‘'When in 1871 I A\Tote an article on the application of the Periodic 
Law for determining the properties of undiscovered elements,” lie said, 
‘T did not think I would live to see this deduction from the Periodic 
Law jiroved, but reality has ruled otherwise. I then described three ele¬ 
ments, eka-boron, eka-aluminium and eka-silicon, and before twenty 
years liad passed I had the joy of seeing all three discovered-” 
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'riie ])eri()(lic system was of groat iinportanoo also in (k^iding the 
Cjuestion of the valoiiev and atomic weights of several of elements. 

For instance, for a loiig time tlu' element i)eryllinm was considered 
an analogue of alnminhim and the formula of its oxide \N'as considered 
to h(^ Be^^ Analysis showed that heryllinm oxide contained nine parts 
l)V Aveiglit of heryilinm to evei'y sixteen pai-ts of oxygen. Hut no volatile 
coinpoimds of heryilinm lH*ing known at that time, the atomic weight 
of this eltmient could not la^ determined accurately enough. On the 
basis of the ])ei'centage com])osition and the assumed formula of beryl¬ 
lium oxide its atomic weight was considered to e(|ual llho. But there 
was only one position for beryllium in the Periodic Table that above 
magnesium, according to which its oxide must have the formula HeO; 
the atomic weight of bcnyIlium, therefore, must be h. This conclusion 
was soon borne out by determinations of the vapour dcmsity of l)ei‘vllium 
chloride which made it ])(»ssible to calculate the atomic weight of 
beryllium. 

in a similar v>ay th(* Periodic Table incited investigators to correct 
the atomic weights of sevei-al rare elements. For instance, caesium had 
e^arlier been thought to have an at omic weight of 12;b4. Hut in ari*anging 
th(‘ elements in. the Table Mendeleyev found that, ac;cording to its 
properties, the place of caesium was in the left column of the first grou]), 
under rubidium, and that its atomic weight must (ajual about Pb). 
Pe(‘(mt determinations have shown tlie atomic weight of caesium to 
be 

At first, the Periodic? liaw was received very coldly and with distrust. 
Wlien, on the basis of his discovery, Mendeleyev ([uestioned a num])er 
of ex])enmental data concerning atomic weights and ventured to pre- 
di(;t the existence and properties of elements, whicli liad not yet been 
discovered, many clumiists were more than sceptical towards his daring 
statenamts. Thus, for instance, L. Meyer wrote in 187(i concerning 
the l^Tiodic Law: ' Jt would Im? hasty to undertake an alteration of 
the conventional atomic weights on sucli sliaky grounds.’' 

Howevej'. Mendeleyev's ])rediciions came true and the iViiodic 
I..aw was universally recognized. The ])roblem. so brilliantly solved by 
Mendeleyev, had trouliled the minds of many scientists, and there 
had })eeii attempts in sevcTal countries to found the Periodic Law. 
Foi* this reason other (clumiists besides Mend(?l(\vev claimed to ]iav(? 
discovered the law'. In this connection Mendeleyev wiote in his ‘‘Prin¬ 
ciples of Cbemistry ’: 

“A law' can bo conlirmed only by jnaking deductions which are 
impossible and unexpected w ithout it, and by proving these deductions 
(‘xperimcntally. Tliat is why, after dis(;ovci-ing the Periodic Law^ 

1, on my part (18f)h-71), made logical deductions capable of proving 

its truth-Not a single law of nature can be coiifirined w ithout sucli 

a lest. Neither (baneoiirtois to whom the Freiurh attribute the honour 
of discovering th(‘ Peiiodic Law, nor Newlands, credited by the Fnglish, 
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jior L. Moyer, whom others have called its i'oimder, dared to guess 
at th(‘ prnpvrtio.H nj utuiiHCarmd elements, to alter 'conventional 
atomic weights' or to r(‘gard the IVriodic Law as a new, strictly de- 
(‘lec'd law of nailin', capable of embracing facts still nngeneralized, 
as J di<l at the very start (iSbb).” 

1'he discovery of the IN'riodie Law and the founding of a system 
of ch(*mical (elements were of immense im])ortance not only for cln'in- 
istry and other natural sciences, but for philosophy as w('ll, for the 
mat(‘rialistic worKl outlook. Revealing the reJatir)nship betweeji the 
])ro])erties of the chemical elements and the quantity of substance 
in their atoms, the Ik'riodic l>aw presented a striking proof of the 
universal law of devt'lopment of nature, the Tiaw of Transformation 
of Quantity into Quality. 

According to F. Engels, *‘Ry means of the unconscious a])pli- 
cation of Hegel's law of the transformation of quantity into quality, 
Mendeley(‘V achieved a seic'ntitic feat whic^h it is not too bold to put 
on a par with that of Jxwerrier in calculating the orbit of the until 
then unknown planet Neptune."* 

Ihit the jx'riodic system not only reflects the transformation from 
(juantity to (piality; it rev(‘als also the unity of o])j)osites manifested 
in tile ])roperties of the elements. It testifies to tlie fact that there are 
contradictions in the very nature of the elements, as a result of which 
one and tlie same' element under difterent conditions may show' directly 
o|)posit(^ projierties. 

R('foi*c> Mendeleyev chemists used to grouj) the elements according 
to tlu'ir cliemi(*al resemblances, striving to bring only similar elements 
togethei’. Mendeleyev's ajiproach to the elements was entirely differ- 
(uit. He brought together dissimilar eh'inents ])lacing next to each 
otlu'r chemi(*ally different elements Avith close atomic weights. It Avas 
this ar]-angement that made it possible to reveal the ])rofound organic 
relation between all the elements and led to the discovery of the 
Reriodic Law-. 

The IVriodic Law was one of the greatest generalizations of all the 
knoA\ ledge on the cliemi(?al elements available in Mendeleyev's time. 
Mendeleyev showed that the chemical elements are a regular system 
based on a fundamental hnv of nature. 

Though he attached great im]>ortance to the IVriodic Law, 
Mendeleyev pointed out more than once that mu(*h hard Avork and 
nifany new inv(\stigations would still bt^ needed to get to its bottom. 
•‘The IVriodic Law," he wrote, “is ])ictured noAv as a new% only 
partly revealed seered of nature/' The siibsequeiit progress of science 
opened (he way for a inucli deejuir penetration into the structure 
of matter on tiie basis of the Teriodic Law, than was possible in 

* F. “1 i<*s of Xiilun*,’’ 
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AleiideleyevVs (inu^. "riio theory of atomic structure developed in the 
early XX century levealed the inner meaning of the Periodic Law 
and threw a new light on Mendele 3 "ev\s system, making it even more 
harmonious and significant. 

The history of the discovery of the Periodic Law and its further 
development is a striking example of iiow liuman thought delves 
into the innermost secrets of nature and graduallj" solves its “riddles.’' 

34 . 1 ). Mendeleyev. The father of one of the greatest generalizations 
in chemistry—the Periodic Table of Elements—Dmitry Ivanovich 

Mendeleyev, was born 
in 1834 in the town of 
Tobolsk (Siberia), in the 
family of tlie director 
of the town (gymnasium. 
He rc^ceived a secondary 
education at the Tobolsk 
(lymnasium and then 
entered the Petersburg 
Pedagogi cal Insti tu te, 
from which he graduated 
with a gold medal in 
1 So?. After giaduatioii 
lu^ worked as a teacher 
for two 3 -ears, first in the 
Simfero])()l and then 
(>dessa (l^ninasiums. 

After receiving liis 
master’s degree in 185f)for 
a thesis jiresentcd under 
the title “On Specific 
Vo I u mes, ’ ’ Mend e ley e v 

went abroad on a two- 
year scientific commis¬ 
sion, during which lie 
took part in the World 
(liemical Oongress in Karlsruhe (1860). Upon his return to 
Russia he was elected jirofcssor of the Petersburg Technological 
Institute and two years later professor of the Petersburg University 
where he carried on his scientific and jiedagogical activities for 
twenty-three years. In 1893 Mendeleyev was appointed Director of 
the Bureau of Weights and Measures. At the same time he carried 
on a great deal of scientific and literar\^ work, in 1906 he issued 
a book under the title ‘ (bntribution to the Knowledge of Russia" 
which contained })rofound thoughts as to the trends for the further 
development of Russian industiy and the Russian national econon^y. 

In 1907 D. Alendcleycv died of pneumonia. 
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The greatest I'csull oJ' Mciideleyev's creative effort was tJie dis¬ 
covery of the Periodic Law and the drawing u]) of the Periodic 
Table of Elements. 

Of other works by Mendeleyev, the most important are: ‘vlnvesti- 
gation of Aqueous Solutions by Their Hi^ecific (b*avity/’ his J)octor's 
thesis '‘On the (Jombinatioii of Alcohol with Water” and “A (Con¬ 
ception of Solutions as Associations.” The so-called ‘'chemical” or 
hydrate theory of solutions developed by Mendeleyev laid the 
foundation for the j^resent-flay thetuy of solutions. 

1 \> Mendeleyev we owe the discovery of tlie “absolute boiling 
j)oint” (now^ called ‘'critical tem])erature”), i.e., the tem])erature 
above which no pressure can sto]) a given liquid from vapourizing 
oi- condense a given vai)our into a liqiiid. 

One of ]\Tendeleyev’s prominent Avorks is his book “Princi])les of 
diemistry” in w^hich inorganic chemistry was for tlu^ first timt^ 
expounded entirely from the standpoint of the Period Law. “The 
‘Principles' are m 3 ’ favourite offsi)ring,” wrote Mendeleyev in 1005. 
“The\^ contain my image, m\* experience as a teacher and m 3 ^ bosom 
idc'as.” Mendekyev’s scientific and practical activities \^'ere broad in 
scale and exceedingly A’crsatile. His works embrace \^arious fields of 
science - chemistrv,, ph 3 'sics, ph 3 ’sical chemistrv, gco])hvsics. Dozens 
of his major works w^ere devoted to economic and social ])roblems. 

Organicallv combining theory and practice Mendclc\’ev gave a 
great deal of attention throughout his life to the development of 
the industry of his country. “Science and industrv^—there lie 1113 ^ 
dreams!” wrote Mendekyev. Profoundly interested in problems of 
petroleum technology, he took up ].)etroleum engineering in Baku. 
zealousl 3 ’ advocated the necessity of raaximall 3 " increasing the outi)ut 
aiul chemical treatment of oil, and suggested the construction of an 
oil line from Baku to the Black Sea. In 1887 Mendeleyev suggested 
the idea of underground coal gasification. Afterw^ards, taking an 
interest in the Urals iron industr 3 % he studied it on the spot and 
raised the question of the utilization of the Kuznetsk Basin coal 
for iron and steel production in the Urals. He offered a number of 
suggestions concerning the development of metallurgy in the East 
and posed the problem of “direct production of iron and steel from 
the ore, by-passing pig iron.” A great scientist, Mendeleyev was a 
remarkable citizen and as well, who devoted his life and 

energies to the progress e)f his country’s science and industiw'. 
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The e\ist(‘nee of a lelalionshif) between all the eheniieal elements, 
so strikingly manifested in the IVriodie "IVihle, sngg(\sts that the 
atoms have something in eommon at their foundation, that they 
are all eloselx' akin to one another. However, until tlu^ (md of the XL\ 
eentiiry the })redominant eonvietion in elumiistry was thc^ meta- 
physieal eonee|)tion that the atom is the smallest particle of a sim|>le 
substance, the nltiuiate limit of divisibility ol‘matter. In all (*hemieal 
changes only molecules are broken down and l>nilt up again, but 
atoms remain unchanged and cannot be divided into smaller ])ar- 
ticles. 

Only a few scientists understood the one-sidedness and restrieted- 
ness of such conceptions. For instance, th(‘ Hussian scientist A. Butlerov 
wrote in .l<SSf»: The now so-called ’atoms' of certain elements 

may |)erhaps, as a matter of fact, be capable of cliemical division, 
i.e., they are not indivisible by nature, but indivisible only by the 
means to which we have access today and . . . may })e(^ome divisible 
l)y ])rocesses which wall be discovered at sonu^ time in the future/’ 
Similar ideas were put forth almost at the sam<‘ tim(‘ by another 
Russian scientist, Morozov. '’Fan it ])e assumed/' he wrote, ‘that 
atoms never decompose to still more primal particl(\s under some 
other cosmic conditions, such as the lieavenly files observed from 
time to tiin(^ during spectral investigations of flashing stars :' Of 
course not! 'J’here is a great deal of evidence that the atoms of chemical 
elements are going through their (‘volution in the* eternal histoiy of 
the universe.” 

Ihit at that time none of these assum})tions could be (tontirmed 
by experimental data. It was not until the end of the XIX century 
that discoveries were made rev(‘aling the (H)m])lexity of atomic 
structure and the ])ossibility of breaking down atoms under certain 
conditions to foi ni (jther atoms. These discoveri(\s gif^atly accelerated 
th(? progress of the science of atomic structur(‘. 

35. Discovery of Fleeirons. The first indications of the (u)m])lex 
structure of atoms were obtained through a study of the cathode 
rays resulting from (dectrical discharges in higlily rarefied gases. To 
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observe these j*ays, as iiuieh of the air as ])os.sif)Ie is jnnriped out of' 
a glass tube with two uietallic electrodes fused into it and then liigli- 
voltage current is passed through. Under these (‘onditions ’’invisible” 
cathode rays are emitted from the cathode of tin* tube j)er])ejKliculai* 
to the catliode plate. These rays cause tlu^ glass of tlu^ tube to glow' 
bright green at the spot they fall u])on. 

( Vithode rays can move light mobile ]>odies ])laced in tlnur |)ath 
and are (h^llected from their original directiofv in magnetic (Kig. 11) 
and electiical fields (in the latter case, towards the ])ositively charg(‘d 
plate). The action of cathode lays can be detecbnl only inside the 
tube be(;ause glass is impermeable to them, and they (;annot emerge 
from the tube. 

A study of the ])roj)e!‘ties of cathode rays led to the (tonclusion 
that they are a stream of minute jiarticles charged with negatives 
electricity and travelling at a rate equal to about half the velocaty 
of light. By s])eeial 
methods scientists 
succeeded in deter¬ 
mining the mass of 
tfu‘ (cathode-ray jmr- 
tieles and the magni¬ 
tude of their charge. 

It was found that 
the mass of each 
jiarticle equals 0,00055 of an oxygen unit, or only '/i.sio tlie 
mass of a hydrogen atom, the lightest of all atoms. The chai'ge of 
a cathode-ray particle equals 1.00 x 10 coulombs or 4.S0> 
electiostatic^ units. It is especially remarkable that neither the mass 
of the particles, nor the magnitude of tluur charge depends on the 
nature of the gas in the cathode tube, on the substance of the elec¬ 
trodes, or on any other conditions of the experiment. J5esides, 
cathode-ray ])arti(5les are known only in the (‘harged state and 
cannot be de])rived of their charges, cannot be converted into 
neutral ])articles: the elc(?t?-ical charge constitutes, so to say, the 
very essence of their nature. These particles are known as eleclrons. 

According to ])resent-day com^eptions the charge of the electron 
is the ultimate electrical eiiarge, the smallest quantity of electricity 
that can exist, bllectricity consists of separate })arti(4es—“atoms” of 
electricity, any charged body invariably containing a w hole number 
of such ])articles. 

In cathode-ray tubes the electrons are torn away from the cathode 
under the influence of an electrical discharge. How^vei’, they may 
arise also out of any connection wuth electrical discharges. Thus, for 
instance, all metals emit electrons when strongly heated; electrons 
are found also in the flame of a candle or gas burner; many substances 
throw' off electrons under the action of ultra-violet oi* X-rays, etc. 
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The emission of electrons by a great variety of substances shows 
that these particles form })art of all atoms; hence atoms are complex 
formations consisting of still smaller structural units. 

3(1. Discovery of X-Days. In 1895 the (lerman physicist Rbntgen, 
when studying the tluorescence of glass under the influence of cath¬ 
ode rays, discovered a new type 
of radiation—X-rays, sometinu's 
called also lldnlgen rays. These rays 
were detected by their action on 
a photogra])hic. ])late and l)y their 
])ro])ertv of causing luminescence 
(fluorescence) in many substances. 
The most remarkable property of 
X-rays is their t?*cmendous pene¬ 
trating ]>over. They can pass 
almost unhindered not only thi*oiigh 
glass, but also through cardboard, 
wood, fabrics and vai'ious other 
substances impermeable to ordinary light rays. Only metals, espc^cially 
heavy metals, can stop them to any considerable extent. 

Any solid can serve as a source of X-rays if subjected to the a(*tion 
of cathode rays, but platinum emits them es|)(‘cially intensively. 
That is why special X-ray (Kontgen) tubes (Fig. made for the 
]Droductioii and study of X-rays are so designed that the beam of 
cathode rays falls upon a platinum ])late, called anticatiiode. rnder 
the impacts of the fast cathode-ray [)artiel('s (electrons) this ])late 
emits X-rays. In contradistinction to cathode rays, X-iays are not 
deflected by magnetic or electrical fields; henc(‘. th(\y do not carry 
electrical charges of any khid. 

Resides the above ]iroperties, X-rays ai*e (ta]»able of ionizing gases. 
\Vhen X-rays pass through a gas, the latter becomes a condiu^tor 
of electricity. Investigations have shown that the conductivity of the 
gas is due to the formation of positively and negatively charged gas 
particles, called ions; therefore it is said that the gas is ionized. 

The formation of ions is another confirmation of the presence of 
the electrons in atoms. U^nder the influence of X-rays electrons are 
torn out of the neutral atoms and molecules of the gas, as a result 
of which the atoms or molecules become positively charged. At the 
same time other molecules combine with the liberated (Sections and 
become negatively charged ions. 

'Vhc (•ai)a(.‘ity of X-rays to ^oses was utilized for diroet iiieasureiiu'iit 

of the charge on an electron. The? Tneasiirement was carried otit with t he arrange¬ 
ment show’ll diagramati(;ally in Fig. l.‘i. ’’I’fH* apjiaratiis is a small eliamber 
with several window's. The tw'o plates of a eondensijr are mounted on insulators 
inside the chamber. 

The method of measurement was as follow's. Very minute drophds of oil 
w'ere sprayed into the chamber through ])ort A and they began to settle slowly 


X~ ’'ays 



Fig. 12- X-ray tube 
/ cathfxlo; 2 antienthode; Z anode 
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iiu<l(^r iht' iiifliu‘n(r(* of ^ravit>’. Tfic fulliri|jr (lr(»pl(!t.s obsorvcMl iliroii^fi 

a rni(‘r(>S(*()|)o oj>[)osi((’; tin* window in th(‘ front wall of the cfiainljor. tfn* insi(l(‘ 
of tli(* <diainbor fKMnjj: illiirninat(‘<l by inoaiis of an oloctrio an- H. 'flu' woi^dit 
of tlio <lro|)lct.s was d(^t('riniiu‘d by thoir rat(‘ of dosocni. Suf>ji‘ct(‘d for a sfxn-l 
tinio to tfjc* action of X-rays (th?‘on^h window tlic air bctw<‘(‘ii ifa* condenses* 
|)lat(\s f)n^al<s u]) partly into ions which arc ca])tiircd by individual droplets 
and thus charm' latter (‘lcctric*ally. As lon^ as t lu' ])latcs of tla^ condcr>s«'r 
ari' not charm'd lla'st'droplt'is 
continiu' to des(*cnd at ttH- 
usual rate under the intlu- 
t'uce of I bit as soon 

as a efiarm- applied t«) th<* 
condc'jisi'i*, th(* rnoveiiR'nt of 
the drops chanm‘!S-‘ if. f‘>r 
iFistance, a c('rtain droph't is 
charm’'<l ru'gat iv(‘l\’ and th(‘ 
uppc'r plate of th(‘ condi'ns<‘r 
p(»sitivt'l\’, the dr(i]»lc1 will 
be a1tract('d to tla* uppc'r 
plate'; its dt'sc('?it is retarded 
or it may c've'ii fx'ginto reas- 
(*(*nd. liy rt^gulating the 
charge of ( he cond(‘ns('r an>' 
droph't can be stof)p(‘d 

altog('th(‘r and will hang suspt'nd(*<I in the' air. ()bviousl\’. inieU'r sue*h cornlitions 
the we'ight of tlie' drople't is e‘xae*tly neutrali/.esl by the* attractie)n of the' plate. 
Hence', kne)wing the voltage' of the elt'Ctrie* fielel anel the' we'ight of* the dre)ple't. 
we* e'aii erale'ulate' its e'harge*. 

.\uTTie’re)Us observatieuis e)f ineliviehial ilre>])le*ts slanv that their e'harge's 
vary, but the*v are* always ('ejiial te) e>r inultiplevs of a de'finite k'ast cliarge' whie*li. 
according to pre'se'iit-day elata, eujuais 4.cS0.‘{ >. 10'e'le.*ctrostatic units. Sine*e* 
the- elre)plet cannot abseu'b It'ss than e.>ne elee*tre)n this li'ast e'harge' is the' charge 
of an e'le'e;tre)ii. 



Fig. 13. Diagram e)f apparatus for ele(e*rmining 
charge' em e'le'(*tron 


For a long time the nature of X-rays was a jjoint of ('ontroversy. 
Finally physieists eairie to the eoiielusioii that X-rtiys are olectro- 
magnetie oscillations of the same kind as the rays of visible liglit, 
but with a much smaller wave length. Investigatiojis of X-ray s| )eetra 
])la\'e(l a very ini])ortaiit jtart in the development of the theory 
of atomic structure. 

37. Discovery ot lladioaciivity. A >'ear after the discovery of the 
new type of rays by llojitgen, the French physicist liccquerel noticed 
that salts of the metal uranium, the heaviest of all chemical elements 
known at that time (atomic weight 238.07), posst?ss the propei’ty 
of emitting certain rays which, like X-rays, eovdd penetrate various 
suf)stanees and darken photographic ])lates protected from the action 
of ordinary light. 

Somewhat later Marie tkirie-Sklodowska discovered tlie same 
])i()perty in compounds of thorium, an element close to ui-anium 
in atomic weight. At Curie’s suggestion this ])roperty was called 
radioaeiivily (which means literally ray-emitting activity), and the 
substances emitting rays like those emitted by uranium and thorium 
salts were termed radioactive. 
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MarU" Curif-SUlodoAvska was horn in Warsaw in 1 S<> 7 . In li('r \oiith Marie* 
Sklodowska took an u<*tiv(* j)art in the rt*vo]utionarv inoAeinent as rnemh(*r 
of a circle organize*(l hv the* stuelents e)f the* college* where her father ]e*elure*(l 
in niath<*nmties anel |)h>sics. After this circle* collaps(*el e)wing to ]>e)lice perse¬ 
cution, she* was e)l)lige*el to leaver Warsaw, 
anel se*ttle'el in Paris wheTt* she* eTite*re*el the 
universit A . 

Afte*!* graduating the* uni\e*rsity Sklo- 
elovvska, te»ge‘the‘r will) he*r husband l*ie*ri*e‘ 
(‘urit*. unelf'itooU a stiieK e)f raelioactivity. 
Kor lie*!* brilliant dise*e)\ e*i*ies In tliis fit*lel 
she was awarele'el the eii*grce* e)f Doertor of* 
Physie*al Scie*n(*<‘. Afte*!* tlie* ele'ath e)r la*!* 
liusbanel (in 11 MI 5 ) (/urie*-Skloelowska e'ont in- 
ue‘el he*!* se*ientilie ae*tivitie*s in tlee stuely of 
raeiioactisc e‘le*me*nts. In Itlltl she> e>blaine*<l 
nu*ta.llie radium for tlic: first time*, (^irie*- 
Skleieleewska twie*e'! receive*d the* \obe‘l Ih’i/e* 
for he*r eiisco\ t i’ies. 

The disco very of tlu^ radioactive jirop- 
erties of iirauiiini salts moved Mme. 
(’tirie to undertake an extensive* inves¬ 
tigation of all nraniiiin compounds. Tliis 
investigation showed that radioactivity 
is a jiroperty heleaiging t-e) the atoms of 
uranium, as its degree de]>ejids exclu¬ 
sively on th(^ (piantity of uranium in 
its compounds and is (piite independent 
of the elements the uranium is combined with. Undertaking a 
study of the natural eomjKamds of uranium, ( -urie found that despite, 
the lowei* uranium content in them they were more radioactive than 
])ure uranium salts or than nraniuin itself. It was natural therefore 
to assume that the uranium ores contained an admixture of some 
other radioactive substance and since this substance could not be 
detected by usual methods of analysis it followed that its content 
in the ore was Aery minnt(\ 

Indeed, by successively isolating the substances contained in 
uranium ])jtchblend(‘ ore. (’iirio succeeded in establishing the presence 
of two new highly radioactive elements. SIk* called one of them 
jioloninm and the other radium. 

The ])ercentage of both el(>mcnts in the ore was exceedingly small. 
Therefore, to obtain them in their ])ure form it was necessary to 
treat enormous quantities of ore. Tliis work was carried out by Mai’ic^ 
Uurie togetliei* Avith her husband l^ierre Uiirie. 'J'he initial material 
was not the })itchblende itself but the waste left over after uranium 
had been extracted from the ore. After more than half a year's ])ains- 
taking woi k, in the coiii se of Avhich they treated several tons of waste, 
the Uuries obtained only a few hundredths of a gram of radium 
in the form of the ])nr<‘ chloride salt. However, this amount was 
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to cause a (complete revolution in seienee. Due t(^ the 
j)ractiefxlly iniperee])tibJe* eontxuit of poJoniuiu in the oi*e tliey were 
nnsuceessful in extraditing it in its j)ure form. 

Subsequent ly a third radiofxetive element acliniiun - was dis- 
eovered in uranium ore. 

3S. Itadiiiiii and Its Properties. At jxresent the properties of radium 
liave been studied thoroughly. It is a silvery mental, rather soft, de- 
eomi)osing water at room temperatures. Its chemical behaviour greatly 
lesembles that ot lairium with which it occurs together in the pitch- 
bhuide ore. Ibxdium and barium are very difticailt to sejxaralc*, owing 
to the great resemblance of their salts. Like barium, radium belongs 
to the second grouj) of the Periodic liable. The atomic weight of 
radium (ILi) ecjuals 220.00. Kadiurn is usually obtained in the form 
of tbe cliloride or the bromide (KaCTj, or PaBr.,). 

Padiiim is quite widespi ead in nature: it occurs in many minerals and 
mineral springs, but always in very minutequantities. Hadiumisobtained 
from uranium ores, in which it is always present. J<]ven the richest 
ui*anium ore contains only ai)out 0.2 gr. of radium ])er ton of ore. 
That is why radium ])reparations ar(‘ so costly and difficult to obtain. 

The most remarkable i^roperty of radium is its high radioactivity, 
which is several million times greater than that of uranium. Radium 
salts glow in the dark, emitting rays which darken j)hotogra])hic 
])lates. as mentioned above, and aie cajmble of causing many other 
(‘hemical rea(‘tions as well. \Vater containing a dissolved radium salt 
gradually deconi])oses intc) hydrogen and o.xygen: under the action 
of ladium rays ammonia de(‘om])oses into hydrogen and nitrogen, 
hydi’ogen chloiide into hydrogen and chlorine, and oxygen turns 
into ozone. It should })e Jioted that th(‘se reactions ai*e emlothermal. 
that is, require an inliux of energy from the surroundings. 

JMany substance's begin to glow Avhen acted on by radium rays; 
some non-conductois (for instance jjaraftin) become ])erceptib]y 
cemductive. Finally, radium displays a high ])hvsiologieal activity, 
destroying tissues in the organism, killing baetteria, etc. 

Es[)ecially striking is the ca])acity of radium to continuously emit 
large (|uantities of energ>', Calorimetiic measurements have shown 
that one gram of radium emits about LS7 eal. of heat ])er hour, and 
observations over a ])eriod of many years have detected no ])erceptible 
decrease in the quantity of energy emitted. 

These “wonderfur’ properties of radium seem to challenge the 
very ].,aw^ of Conservation of Energy. Radium aj)peared to be a 
j)erpetmil sour(;e of energy which could be obtained without expending 
any other kind of energy. Hence it is not surprising that many scientists 
undertook investigations of radium and radioactive radiations. The 
results of these investigations were so important that they radically 
changed the former conce])tions of chemical elements and of the 
immutability of atoms. 
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39. Kays ui Kadioactive Subslanees. If a latliuin ijreparatioii, say, 
a few hiiiidredths of a gram of RaBrg, is ])Iaced in a small lead box 
with ail 0 ]>eiiing in its top, only a narrow' beam of vertical rays will 
l)e emitted from it; all the other rays will be stopped by the load. 
If vve ])laee a photogra])hie plate over tlie opening a dark spot will 
appear where the rays strike it. 

Now' let us bring the north pole of a strong magnet near the ojiening 
in the box. The ])icture (iiaiiges abruptly. Instead of a single dark 
s})ot on the platen, theie will now' be three: one in the same j)laee 
as before, anotlier to the right of it and a third to the left. 

This ex]jeriment shows that the radiation observed is not homo¬ 
geneous, since the vertical beam decomposes under the intiuence 
of a magnetic lield into thret^ kinds of rays (Fig. 14): the rays that 
do not ciiange their direction in the magnetic field are called gamma 

j‘ays; thos(^ that are deflected to the 
left are known as beta rays and those 
which swerve to the right, as aljiha 
rays. * 

Gfttnma mjfH greatly resemble X-rays. 
Like the latter, they are of the same 
nature as ordinary light rays, but ha ve 
a much shorter w ave length and an im¬ 
mense penetrating powder; their action 
can be detected even after passing 
through an iron plate 30 cm. thick. 

liHa rays resemble catliode rays. 
4'hey are streams of fast pai’ticles 
chai-ged with negative electricity and 

having a mass equal to only ^ 

FiK. 14. Split-Mp of nuliom tivc the niass of a hydrogen atom. Snch 

mdiatiou in niagiietic field particles, as we already know', are 

called electrons. 

The only differ-ence between beta rays and cathode rays is in the 
velocities of their constituent ])articles. While the fastest cathode 
])articles have a velocity of 150.000 km. per sec., the velocity of 
some beta particles is almost equal to that of light (300,000 km. 
per sec.). Beta rays are ca])ablc of passing through aluminium sheets 
up to 3 mm. thick. 

Alpha rays. The most interesting are the alpha rays. Like beta 
rays, they are streams of particles, but their charge is ])ositive instead 
of negative. Their velocity is much smaller than that of beta particles, 
but is still quite high 20,000km. per sec.: alpha particles are ab- 

* K;nliuin ilsoH* oniils ojily alpha and gamma rays. The omissi(»n of 
rays hy radiiim ]>roparHtions is due to the fact that these preparations always 
contain impurilics of othei ‘ .iihstanee.s whieli (miit them. 




sorbed by substaii(?o inueh more easily than the others: an ainminium 
shee?t 0.1 rnni. thick is enough to sto|) them entirely. 

By measiM*ing the dellection of alpha particles in magiudic and 
electri(;al fields it has been ])ossible to calculate the ratio of the charge' 
of (jach alpha i)articlc to its mass; this ratio was found to equal 
1 : if the'- charge on an electron is accepted as the unit of charges 
and of the mass of an oxygen atom as the unit of mass. Direct 
measurement of the charge on alpha particles showed, besides, that 
its value equals twice the charge on an electron; hence it follows 
that the mass of an al})ha ])article equals four. But this is the mass 
of the helium atom. Thus, alpha parti(^les proved to be nothing 
l)ut atoms, or rather ions, of helium, bearing a double ])ositive charge. 

The identity bet ween alpha parlick^s and helium was proved by 
direct ex[)eriment. A radium |)reparation fused into a glass tul)e 
thin enough for the al])hn ])artick^s to penetrate its walls was placed 
inside ajiother thick-walled glass tube. After some time helium could 
be (hdected in the outer tube by means of a s])ectrosc()pe. 

If a screen coatc'd w ith zinc sulphide is placed in the path of alpha 
lays, it w'ill be observed to glow' in the dark. Such observations 
can be conveniently made with aji apparatus called spinthariscope 
(Fig. lo). 'Hiis apparatus consists of a brass cylinder with a magnifying 
glass li at its top and a s<;reen A at its bottom, 
coated with zinc sulphide. A needle T with some 
radioactive substam^e on its ])oint is ])laced in front 
of the screen. If the sci’cen is observed through 
the magnifying glass the ghnv can easily l)e setm to 
consist of a large num))er of se])arate flashes or 
scintillatiojis, each of w^hich is the result of one 
al])ha ])article striking the screen. Hence, by counting 
the number of flashes we can determine the number 
of alj)ha ])articles striking the screen during a definite 
period of time. 

These light Hashes the first visible aedion of 
individual atoms and are tlu' most irrefutable ])roof 
of the reality of their existence. That a single 
infinitesimally small atom is capable of causing a Kig. IT), 
perceptibk? hght effect when it collides with the Sj)iiitluirisc(>])t‘ 
screen becomes quite credible if we take into account 
the huge kinetic energy of an alpha particle, which is high enough 
to ])roduce a visible luminous effect. By counting up the number 
of scintillations it was established that one gram of radium 
ejects 3.5x10*® alpha jiarticles per second. 

40. Radioactive J)ecay. Radium emits not only alpha and gamma 
rays, but also a new^ gaseous radioactive substance w^hich was at 
first called radium emanation. Although this gas forms in exceedingly 
small quantities, it has been collected and its properties have been 
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studied. From a chemical standpoint, emanation is an inei*t gas 
incapable of reacting with any substances. It is a (diemical element. 
Subsequently this element received the name of radon (Hn). 

The atomic weight of emanation, or radon, was found to equal 22:2. 
Since the atomic weight of radium is 226 and the atomic w^eight 
of helium t there is no doubt th<at the irradiation of radium is accom- 
])anied by decay of its atoms into radon and helium atoms. 

Ill otlier Avords. radium kc^eps continuously changing into tw^o new' 
elements radon and helium: 

Ha .Rn ^ He 
1 > 2 (> 222 -1 

A subse(|uent study of radon showed that it is very short-lived. 
Ivmitting aljiha rays, it (le(*()!nposes into helium and a solid radioactive 
substamre called radium A. In its turn, radium A passes consecutively 
into a whole serievs of railioaelive elements. One of them is polouinw 
which was discovered at the same time as radium. 

The discovery of radioactivity left no doubt as to the fact that the 
atoms of the chemical elements are com|>l(‘x systcuns cajiable of 
breaking down into new atoms. Hie transmutation of radium into 
radon and helium, as well as the further transmutations of radon 
have been jiroved irrefutably. Hence. th(^ ch(mii(‘al ekunents. or at 
least some of them, are cajiable of b(‘ing transmuted into oiu^ 
anotlnn*. 

Hicse changes, liowever. differ essentially from ordinary chemical 
reactions. NA’hile the v(‘l(»city of chemical reactions is affected hy 
the teni|)erature, tln^ ])ressure and oIIkm* conditions, no external 
factors known to ])resent-day sci(mc(‘ have any perceptible intluence 
on I’adioactive transformations. At the veiy lowest and very highest 
tenqicratures. in vacuum and under immense ])ressnre, in the dark 
and in the light, these changes take ])la(!e in exactly the same Avay. 
They occur, so to say, “of tlieir ow n accord. ' We can neither accc'lerate. 
nor decelerate them.* 

41. Niieleiir Miniel of the Atom. Tln^ study of atomic structure 
began ]>racti(^ally in JS07-h8. after the nature of cathode rays had 
been establisheci finally as a stream of electrons, and the charge 
and mass of the electron liad been determined. The emission of 
electrons liy a gieat variidy of substances suggested that electrons 
are contained in all atoms. But the atom as a Avliole is electrically 
neutral; hence, it must (contain some other component ])art bearing 
a positive charge large enough to balance the total negative chaigc* 
of all the el(‘ctr<Mis. 1’his positively charged part of the atom Avas 
discoA'cred in I Oil by the prominent English scientist R utherford 

’’ Man v )a< t I \ <* rU-ni(‘nls liav<* <>l»t aint*«| latrlN hy ai‘1 ifii ial ni(‘1 luuls. 
ifi<*iar' radioaci i\'ity will he 4leall with in f’haptcr XX\M. 



4J. M’CLKAK MODKL OK TMK ATOM 


103 


ill investigating the movement of alpha ])artieles througJi gases and 
other snbstanees. 

As was mentioned above, the alplia jiartielc^s emitted by the atoms 
of radioactive elements are positively charged helium ions with 
velocities up to 20,000 km. ]»er sec. Due to this tremendous velocity, 
alpha particles knock electrons f)ut of the gas molecules they collide 
witli as they tra vel through the air. The molecules wiiich lose electrons 
acquire a ]positive charge, whereas the electrons knocked out of 
them are immediately ca|)tured by other molecules and impart a 
negative charge to them. In this way ])ositive]y and negatively cliarged 
gas ions are formed in the air along the path of the alpha ])articles. 

Kriu'st Piilhorronl, rnu* of tfi<“ 
iiiosl prorniiKUit scii'iiti.sts in thn 
of riulioHctand atomic- 
si met lire, was horn in 1<S71, in 
TSJt'lson (Xc'w Zealand): lie was a 
jirofessor in ])hysi(;s at tlu' Alonlical 
Pni\’(‘rKity (Canada), thiai, troni 
1907, in ]Man<‘h(‘s1(‘r, and from 
pun in Carnhridjj:!' anil Loialon. 

Pe^^innin^ with PHHt Kutherlonl 
occujiied hiins(*!r w ilh radioactive 
phenoini'iia. Ho discovered the* 
thr(‘(‘ typos of rays ('initteil hy 
radioactivi* sid)sta,iM*(‘s; su^p*st(‘d 
(toj>:('th<*r with Soddy) a tla‘ory of 
radioactivi* d(*cay: pt\e a jirecise 
proof of tli(‘ formation of lielinm 
during main radioacti\c pi'oc<‘ss(‘s. 

In PHI la* discov(‘i‘(‘d tlu'atomii* 
nucleus aial worked out tlie]»lane- 
tary model of the atom, thus 
initiating the present-day sciiaice 
of atomic structure. In PHil he 
hrou^ht about the* first :irtiticial 
transmutation of several stable 
elements by bombarding them 
with al|)ha particles. 

The ability of al})ha ])articles to ionize air was utilized in a very 
clever manner by the English ])hysicist Wilson to make the paths 
of individual })articles visible and to photograj)h them. 

Wilson’s method was as follows: If air saturated with water vapour 
is cooled quickly, the vapour will condense into minute drops of 
fog. However, if tlie air is entirely free of dust the fog will not appear 
in spite of such a cooling; to form the fog there must be dust ])articles 
present, around which the vapour can condense. I^lectrically charged 
gas molecules have the same effect as dust particles. If we pass alpha 
particles through a chamber containing air su])ersaturated with 
water vapour, the ions formed along the ])ath of alj)ha particles will 
cause droplets of water to condense around them, and if the cliamber 
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is ilhnninalal lattMally the path of oach ])ai*tic*lo hoeoines visible as 
a line trail of fog. 

The Wilson Chainhei\ used for experiments of this kind (its diagram 
is sliown ill Fig. I(>). is a eylinder .-1 with a glass eover B \ tlie bottom 
^ of the cylinder is a movable 

piston (\ If tlie ])iston is 
JoAvered ra])idly. the moist 
air in the chamber will cool 
due to ex])ansion and l)ecome 
Source of sn])ersat m ated with Avater 
particles vapour. 

Fig. IT shoAAs one of tlu* 
|)hotographs of the fogdracks 
made by al])ha ])articles. 

Imu. II). Diii^^nain of W ilson ( /liiiinlxT Fxaminiiig this photogra])h 

Ave see tiiat tlu^ paths of 
al|)lia ])articles are rectilinear. At the sam(‘ time theory sliows 
that each particle must collide Avith hundreds of thousands of atoms 
along its ])ath. Avhich in air may be as long as I 1 cm. if, nevertheless, 
its path remains rectilinear, this (‘an be attributed only to the fact that 

_ the alpha particle flies right thmmjh atoms. 

A more thorough investigation of this phe- 
noiiK'iion sIioaathI that if a ])eam of parallel 
rays is ])assed through a layer of gas or a thin 
metal ])late, the rays lose their paralk^lism 
and become slightly divergent: we say that 
the alpha particles are scattered, that is, 
are deflected from tluMr oiiginal ])ath. True, 
the angles of defIcH'tion are generally jiot lai*ge, 
but there is ahvays a small nuin})er of particles 
(about one in S.OOO) whi(^h are deflected Awy 
strongly: some paiti(^l(\sare even thrown back, 
as if they Jiad collided with something solid, 
1,. Pilotopajili of impenetrable in their i)ath. Tln^se sharp devi- 

alpha parti('l('s atiojis ot al]>ha particles can be clearly seen 
on some photographs (Fig. IS). 

What can be the reason for the abrupt change in direction of the 
alpha jiarticles t It is easy to see that the deflection in general is 
caused by el(‘ctrical interaction betAveen the alpha jiarticles and 
th(‘ (‘liargcd jiarts of atoms. These charged parts can hardly be elec¬ 
trons. The mass of the electron is almost 7,500 times less than that 
of an alpha ]iarticle; hence, even if an alpha particle passed very 
close to an election, it Avould d(?flect the electron but itself would 
hardly change the direction of its flight. It remains to assume that 
th(‘ d(‘fleclion is (caused by interaction between the alpha particles 
and tli(‘ positively charged parts of atoms, the mass of AA'hich is 
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obviously a value of tlu^ same ordei* as the mass of the alpha ])articles. 
Besides, it must be assumed that this mass occupies an infinitesimally 
small volume as otherwise its charge would not be able to create 
a strong eh^ctric field and large deflections would lie im])ossible. 

On the l)asis ot thes(» considerations Rutherford suggested the 
itillowing scheme ol atomic structure. In the centre of the atom 
is a ])ositively charged nucleus, about which electrons whirl in different 
orbits. 'rh(> centrifugal fon^e due to their rotation is neutralizetl by 
the attraction between the nucleus and the electrons, kee])ing the 
latter a certain distance' awa\' from the nucleus. Since the mass 
of the (electron is infinitesimally 
small, almost the (mtiie mass of 
the atom is concentrat(*d in its 
nucleus. 1'he size of f lu* atom and 
its separate ])arts can be (‘xpressed 
app?*oxiinat('ly by the' following 
liguies. the diam(*l('! of the atom* 2,s. I*})()t(>^ra])h of fo^-tnuUs 
is a magnitude of the order of mado l)\ two alf)ha particles 

!(► ^ cm., flu* diaimter of an elec¬ 
tron in >'^cm. and the diameter of the nucleus from in to 
Hence it is chsir that th(‘ nucleus and the electrons, the number 
of which, as we shall see below, is com])ai‘atively small, take up but 
a, n(‘gligil)le part of the total sj>a(*e occupied by the atomic system. 

1he scheme of atomic structure or. as it is usually called, the 
atomic model sugg(\sted by Rutherford easily explains the above 
descrilxHl phenomena of dellection of alpha |>articles. Indeed, the 
nucleus and the tdectrons are very small compared to the atom 
as a whole, bounded liy the ouRuinost electron orbits; that is why 
most of the al])ha ])articles ]iass through atoms without i>ercej)tible 
detleetion. Only when the al]>ha particle comes very close to the nucleus 
does electrical re])ulsion cause it to 
deviate shart)ly from its oiiginal course. 

Fig. in shows the |)aths of alpha 
l)articles as they pass through an 
atom. The black dots denote electrons 
and the white' dot in the centre of the 
figure, the atomie* nucleus. Particles A 
and (' are deflected only slightly when 
they collide with electrons; particle />' 
is shar|)ly deflected after colliding 
with the positively charged nucleus. 

Thus, investigation of the scattering of al])ha particles laid the 
foundation for the nuclear theory of the atom. Since then t his theory 

* By the (liauielt'r of an atom we mean the diana'lca* of the s[»hert' enclosing 
the entire aloniie system. 
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has been eonfirined in so many diverse ways that at present its truth 
is beyond doubt. 

42. Nuclear Charges. Moseley’s Law. One of the problems that stood 
before the theory of atomic structure fit the beginning of its develoj)- 
incmt Avas determination of the nuclear eliai'ge on the difl’erent atoms. 
Since the atom as a whole is electrically neutral, determination of 
the charge on the nucleus would make it ])ossible to establish the 
number of electrons surrounding it. A great aid in the solution of 
this ])roblem were invest igatu)iis of X-ra\' s])ectra. 

Let us first recall what ordinary optical spectra, that is ‘visible” 
light spectra are. 

If a tlat beam of white light emitted by a Avhite-hot solid body 
is pas.sed through a glass jirism a so-called contiiiiKMis spectrum will 
appear on a screen ])laced on the other side of the |)rism as a coloured 
band containing all the colours of the rainbow from red to violet 
in continuous succession. Tliis ])henomenon is known to be due to the 
fact that Avhitc light consists of coloured rays of various Avavc‘ lengths, 
Avhich are deflected differently Avhen they ])ass through the jwism 
and fall on different ])arts of the screen foiining a spectrum. 

A diffraction grating may be used instead of tin* prism to produce 
tlie sf)ectrum. This grating is a glass ]>late uith line parallel lines 
ruled on its sui‘fa(;e very close to (‘ach other by m(‘ans of a diamond 
(])erha])s l,r)0P lines to the millimetre). These non-transparent lines 
|)lay the pai t of the ''rods" of a grating. In passing througli a grating 
of tins kind light decom])oses and forms a spectrum similar to that 
oldained by means of tlie prism. l)ut the ui’der of the colours in this 
case is reversed. 

Strongly lieated solid bodies or liquids always give continuous 
spectra. An entirely difh^rent ])icture is obser\cd uj)on the decom- 
])Osition of light emitted by a heated gas or va])our. The light of 
the latter contains only certain definite rays. Therefore, instead of 
the continuous coloured band a number of individual coloured lines 
appear on the screen, s(‘|)arated by dark intervals. The numbei-, 
colour and arrangement of these lines de])end on the nature of tlie 
heated gas or vapour. Thus, for instance, f)otassium vapours give 
a spectrum consisting of three lines, two red and one violet; the 
spectrum of calcium va|)ours contains several red, yellow and green 
lines, etc. Such spectra are called discoiiiinuous or line spectra. 

Optical sjiectra are studied by means of special instruments, 
spectroscope's and spectrometers, which not oidy J‘ev^eal the number 
and arrangement of the spc^ctral lines, but make it possible to measure 
the wave lengths of the corres])onding rays as well. 

Now let us consider X-ray spectra and the conclusions their study 
has led to. 

It Avill be recalled that X-rays arise when fast electrons collide 
with a solid body, and arc^ distinguished from the rays of visible 
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light only by their rnneh shorter wave length. While the shortest 
visible light waves have a length of about 4,000 Angstroms (violet 
rays) the wave lengths of X-rays are between 20 and 0.1 Angstrom units. 

An ordinary ])risni or the diffraction grating described above 
cannot be used to ])i-oduee X-ray spectra. Theoretically for rays 
with such short wave lengths as X-rays vve should have to rule a 
diffraction grating with 1 million lines per mm. As no such grating 
could bo made artificially, X-ray spectra could not be produced for 
a long time. 

In 1012 the (merman ])hysicist Lane came upoji the idea of using 
crystals as diffraction gratings for X-rays. The regulai* arrangement 
()f‘ the atoms in crystals and the very small distances between them 
gave grounds to assume that, a crystal would be the very thing to 
play the part of the required diffraction grating. Lane’s assumption 
was brilliantly confirmed by experiment aiirl soon instruments were 
constructed, making it possible to obtain the X-ray spectra of almost 
all the elements. 

To produce X-ray spectra th(‘ anticathode in an X-ray tube is 
made of the nudal whose spectrum is to b(' studicMi. or som(‘ (H)m])ound 
of tlie clenKuit in (piestioii is applied to a ])latinum anticaHiode. 
'fhe screen for the spectrum is a photographic ])late or sensitized 
pa))er; after devel<)])m<uit all the lines of the s|)ectrum l)ecome clearly 
visible. 

X-ray sj)ectra are much simpler than the line spectra of vapours 
and gases. 'rh(‘ s|)e(di’nm of each element consists of s(weral lines 
or grou])s of lines denot(‘d K-. L- or M-scries. the arrangement of 
which for the different (‘hmumts is j)erfectly analogous. The influence 
of the substance emitting the rays tells only on tlie wave lengths of 
the spectral lines. 

In in a study (»f X-ray spectra, the Knglish scientist Moseley 

found that as ihv atomic aamhcrs of f/a chmnits Increase (atomic 
numbers arc numbers showing the ])osition occupied by the element 
in the Periodic ’J'able) the lines of each series shift reffnlarhj in the 
ft i red ion of decreasimf wave lengths. 

Pig. 20 shows the dis})lacement of the two brightest lines n and fl 
of the ./\-series for the elements from arsenic to strontium. It can 
be seen that the dis])lacement of the first three elements is approxi¬ 
mately equal. In passing from bromine (No. ‘15) to rubidium (No. 117) 
the dis])lacement is tw ice as large, showing that ojie element has been 
skipped. 

The ]*elationship between the atomic numbers of the elements 
and the w^ave lengths of their X-rays is called Moseley’s Law, which 
may be stated as follows: 


I'he stjiiare roots of the inverse wave lengths are in linear relation 
to the. atomic n am hers of the elements. 
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As 33 
Se 34 
Br 35 
Kr 36 
Rb37 
Sr 38 


This moans that if tho atomic numbers of the elements are plotted 
along the a])s(*issa axis and the s(jua re roots of the inverse wave lengths 
along the ordinate axis, the relation between tliem will be re})resented 
graj)hically bv a straight lin<\ 

Moseley s (iisc()V(T\' played a very important part in elucidating 
the structure of atoms. Tht* ciosi relation between the X-ray spectra 

of the elements and their atomic* 
jiumbeis indicated tlmt atomic 
numbers do not simply register 
the ]>osition of the elements in 
the IVriodic Table but have a 
definite physical sense, i.e.. express 
a certain ]>ropertv of the atoms. 

Kven f)efore Moseley certain the¬ 
oretical considerations had made 
possible th(^ assumption that the 
atomic number of an element in¬ 
dicates the number of ])ositiv(‘ 
charges on t he nucleus of its atom. 
M the same time. Hutherford. in 
studying the scattering of alpha 
particles when 1h(*y pass through thin metal i)lates. found that if 
the charge* on an eh'ctron is taken as a unit, the charge on the nucleus 
e.\pressed in the same units is a|)proximate1y equal to one half 
the atomic* Aveight of the c*lemcmt. The atomic'numbers, at legist of 
the lighter elements, also ecjual approximately half their atomic* 
Aveight. All this takcui together led to the c*onc*lusion that the chfirtjv 
on \l\v nncUniM oj on (htnrnf is nutneriroUfj equal to ifs atonfir 
n uni her. 

This conclusion Avas finally c*onfirmcHl in 1920 by the English 
])hysicist ( TadAvic*k by dirc‘c*t mc^asurement of the chargers on cop])er, 
silver and platinum atoms. 


t’ijj:. 20. Sfiilt «»!']\-s(‘rirs liiK‘s ill 
sjUH-lra of’('IrMK'iits ai'raiiii’iMl acconl 
hi'ir aloniit ni) 


Ompjkt Silver IMatiiLUiii 


XiicK-iir chiir^v . 29.:} 40.1} 77.4 

Atomic nuiiihcr. 2t> 47 7S 


Taking into ac*c*ount the inevitable errors of experiment, the agree¬ 
ment of the tigures obtaincHl with the atomic numbers of the elements 
jiiav be considercMl very gf)od. 

'I'hus Moseley s Law made*, it ]K)ssible to determine the charges 
on atomic; nucku. At the same time, OAAung to the neutrality of atoms, 
this c;stablished the number of elc^ctrons revolving around the nucleus 
in the atom of c^ach elemejit. 

13. Line Sjieetra olf the Kleineiiis. Bohr's Theory. Itutherfcmrs 
nuclear atomic model was further develojied by the Danish scientist 
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Niels Bohr, who related the theory of atoniie struct me to the theory 
of the oiigiu of spectra. 

As indicated in the previous ])aragra|)h, liiu‘ sj)ectra are obtained 
by resolving the light emilt(‘d by hot va])ours or gases. h]a-eh <*}K‘niica] 
element has its own corresponding s])ectrunK (liflrring from the 
s])ectra of other elements. Most elements give very (;oin|)ie.\ spectra 
containing large numbers of lines (for instanct\ t he spe(‘truni of iron 
has as many as o.OOO lines), but com])aratively siinj)Ie spectra aie 
also known. 

I)evelo])ing Rutherford's nuclear theory, scientists came to the 
conclusion that th(‘ complex structure of line sjx'ctra is due to tlu^ 
oscillation of the electrons within the atoms. According to Rutherford's 
theory, each electron rotates around the nucleus, the attra(;tive I'oice 
of the latter being lumtralizcxl by the ceiitiifugal I'orce due to the 
relation of the electron. The rotation of th(‘ electron is quite analogous 
to ra])id oscillations and sliould give rise to (‘leetromagnetic waves. 
Therefore, it may be assumed tlnit a rotating ele(^tron emits light 
of a detiiiite wav'c lengtli. de|>ending on tin* freciuency of rotation 
of the electron in its orbit. But in emitting light the electi'ou loses 
part of its energy, thus disturl.)ing the (‘quilibriuin between itself 
and the nucleus; in order to restore its equilibrium, the electron 
would have to gradually apj)roach the nucleus, upon which the fre- 
qiKUicy of rotation of the electron and the nature of the light it emits 
would (»hange just as gradually. Finally, after exhausting all its 
energy, tlie electron should “fall" on to the nucleus and the radiation 
of light should stop. 

If such a continuous change in the movement of the electron really 
took place, the s|)ectrum would also be always continuous and would 
not consist of rays of a deiinite wave length, liesides. the “fall ot 
the electron on to the nucleus would mean destruction of the atom 
and the end of its existenc?e. Thus, Rutherford's theory was not only 
unable to explain the laws of arrangement of the lines in the s])ectrum, 
but even the very existence of line spectra. 

In 1913 Bohr suggested a new theory of atomic structure which 
very cleverly reconciled spectral jihenomena with th(> nuclear model 
of the atom by a])])lying to the latter the quantum theoi y ot radiation 
introduced into science by the (iermaii })hvsicist Flanck. Essentially, 
the quantum theory boils down to the statement that radiant energy 
is not emitted and absoi'bed in continuous streams as was thought 
fxreviously, but in separate very minute, but quite deiinite. ])ortions 
called energy (|iianta. ^Jlie supply of energy of a radiating body 
(;hanges in jumps, quantum by quantum: fractional riumber of 
quanta cannot be emitted or absorbed. 

The magnitude of an energy quantum de])ends on the number 
of oscillations of the energy radiated: the greater the nund)er of 
oscillations, the larger the quantum. 
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If we denote an energy (iiiantiiin by e and t in* number of oscilla tions 
bv -i' vv<‘ mav write* 


Avhere k is what is known as the IMaiiek eoiistaiit, ecjiial to (>.024 < 10 
erg sec*. Quanta of radiant energy are also (tailed photons. Apjdying 
(|uaiitinn eoncteptions to the rotation of elc'etrons around the nueleus. 
Hohr foundcxl Ins theory on three rather daring assurn])ti(ms or 
])ostulates. Altliough tliese postulates eojitradiet the laws of (dassical 
eleetrodynainies they are justitied by the striking rc'sults to wliieh 
tlu'v l(\Td and by the full agreement bedweten tlie th(‘oretieal results 
obtaincHl and a vast number of e\p(iimental facts. 

JJohr's postulates consist in the following. 

A n f ieriroH can not rerolre about the n ucleui< in an if cho.sen orbit, 
but only in such a.s satisfy flejiniie conditions folloiciny from the quuntum 
theory. 'J^lu'se orbits are known as stable or qiiaiitiiiii orbits. 

nVn/i an electron mores alony one of its })ossible stabh orbits it dors 
not radiate (neryy at all. 

By applying the laws of elementary mechanics it can be shown 
that the supply of internal energy of an atom, consisting of a nuelcms 
and one electron, Avill be the greaten* the farther av\ay the election 
is from the nucleus. With the atom in its normal state, each eleedron 
occupi(*s the orbit closest to the nucleus and the atom has the least 
su])ply of energy. If energy is conv(\vcd to the atom from t he surroimd> 
ings the el(K‘tron may pass to one of th(^ more distant orbits and the 
farther the orbit to w liich it passes is from the nucleus, the greatei’ 
its supply of energy. In other Avoids, it may be said that such and 
such an electron is at a higher energy level, tf the external iniluence 
is stioiig enough, the electron may lie thrown altogether beyond 
the limits of the atom converting the latter into an ion. The passaye 
of an electron from a more distant orbit to a less distant i>ne is accompanied 
by a loss of energy. During each such passage the energy lost by the. 
atom is conrerted into one guantarn of radiant energy. The frequency 
of the light thus radiated is determined by the radii of the ttro orbits 
betireen ivhich the electron passes. If we (lenote the supply of energy 
of an atom with its electron on the more distant orbit liy and Avith 
its electron on the less distant orbit by /], and divicle the eiu'rgy 
lost /g—/|, by the Idanck constant, we get the frecjnency of the 
light radiated: 



The gix^ater the distanc^e betAveen the orbit on Avbieh the electron 
is and that to Avhich it passes, the higher the fr(*(pi(*ncy of the 
radiation. 

'J'he simplest of all atoms is the hydrogen atom which has only 
one elcMdron revolving about its nuckuis. On the basis of the aboA'^t^ 
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]K)stiiIates l^ohr (^aUMilated tfie radii of tho possible orbits of this 
electron and found that they were to each otlier as the squares of 
the natural numbers: 

1 “: 22 : . ^,2 

The value n afterwards came to be known as tlie ])rincipal quantum 
number. 

The radius of tlie oi'bit closest to tlie nucleus in tlie hydrogen 
atom equals O.olt AngstWim units. The frequencies of the radiations 
accom])anying the passage of the electron from one orbit to another 
calculated on the basis of this tigure ])]*oved to coincide exa(‘tly with 
the frequencies found experimentally for the lines of the hydrogen 
s[)ectrum. 'J'his showed that the stable orbits had l)een (computed 
correctly, and that Boln ’s ])osiulates were a])]>licable to such com])u- 
tations. Subsecpiently the Bohr tlu^orv was extended to the atomic 
structure of other elements. 

11. Striieiure ol the lOleclroii Shells of .Vtoms. 

Bolir's theory made it ])ossible to solve the very important question 
of the arrangement of tin* electrons in the atoms of various elements 
and to establish the depend(uice between the ])roperties of the elements 
on the structure of the electron shells of their atoms. 

Today the schemes of atomic structure of all the chemical (dements 
lune been worked out. In drawing up these scluunes scientists pro¬ 
ceeded from the enormous amount of exjierimental data accumulated 
during the study of optical and X-ray spe(?tra. as well as from general 
considerations as to the stability of various (jombinations of electrons. 
But their main guide was 1). Mendeleyev's IVriodic Law. 

It must, howev(n\ be kcq^t in mind that these schemes are })y no 
means complete and lirmly ('stablished; they are but a more or less 
true hypothesis, which enabhxs us to explain many of the ])hysical 
and chemical properties of t he elements. 

We have already seen that the number of electrons revolving 
around tlie nucleus of the atom is equal to the atomic number of 
the element in the Teriodic Table. It was assumed at first that the 
electrons move in groiqis along the same (di’cular orbits forming 
several concentric rings. Afterwards it became necc^ssary to assume 
that each electron has an orbit of its own, which may be a circle 
or an elliiise, and that these orbits are arranged differently in space, 
i.e., are at various angles to one another all around the nucleus. 
Instead of being arranged in rings, the electrons are now assumed 
to be grouped in electron layers. Each layer is tilled oi‘ saturated by 
a definite number of electrons. Electrons of the same layer are 
characterized by almost e(pial sujiplies of energy, i.e., ar(‘ ajiproxi- 
mately at the same vnenjy level. The entire electron shell of the atom 
is divided up into several layers or energy levels, denoted by the 
letters K. h, ;!/. A\ .... the letter K denoting the lay(U’ closest to 
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tlio niicicMis. 'Flic ('lecrtrons of eaoli siibsotjvieiit Javer are at a higlier 
energy level than the eleetrons of the preceding one. The orl)its of 
all tlie eleetrons belonging to the same layer liave elliptical orbits 
with equal long axes, but different short axes. The greatest nuniluM* 
of electrons X which can be contained in ajiy given layer (i.e.. at 
any given energy level) ecpials twice the scpian^ of the layei* number 

where n is th(‘ lave?* numlH*r. Thus, the fiist lave?*, /\. that closest 
to the nucleus, (‘an hold no more than two electrons, th(^ s(‘(*ond 
layei*. Jj, no more than (Mght. the third, ,]/. no mor(' than (‘ighteen, 
(‘tc. It has been established, bedsides, that th(' number of electi*ons 
(‘aniiot exceed eight in the outermost layer of any of the elements, 
exce])t palladium, and (*annot ex(‘(‘ed eightt^en in the second last layer. 

The electrons of the ovitei-most layer, which art* tiu* farth(*st from 
the nucleus and tluMcfort* tin* least strongly (H>nnect(*d with it. can 
break away from the atom and be capturi*d by other atoms, taking 
u]) a ])osition in their outer laytTs, Atoms which have lost one or 
several el(*ctrons b(^(‘ome positively charged, as the (‘harg(\s on theii* 
nuclei will then extu'ed the total charge of the remaining el(*(^trons. 
On the contrary, atoms which have gaiiKMl extra (‘lectrons become 
negatively charged. The charged ])artieles formed in this way differ 
(pialitatively from tin* (5orr(?s])onding atoms and ai*e callt*d ions. 

The charge of an ion de])ends on the iiumb(*r of (*1(Mttrons the atom 
has lost or gained. For instan(*e. if an aluminium atom, which has 
a total of 11^ electrons in its shell, loses the three electrons in its 
outer layer, the resulting aluminium ion will have a (iharge* of ^ :5. 
since the loss of electrons does not alter the charge on tlie nucleus 
whi(*h equals i Fh but the total (charge of the remaining electrons 
will now be lU (the (charge of the ion will })e —10 | J ,*1). 

A sul[)hur atom has a total of lb electrons, six of which ai*e in the 
outer layer. If it acquires two more ele(?trons the result is a Jiegative 
doubly charged sulphur ion, since the total charge of the electrons 
becomes - IS while the charge on the nucleus (equals lb (the eliarge 
on the ion will be - IS i lb- -2). 

Ions are conventionally denoted In- tlu* same symbols as the atoms 
witli a superscript consisting of the .same number of j)lus or minus 
signs as there are units in the charge on the ion. For instance, the 
triply pcjsitively charged aluminium ion is denoted by the symbol 
AF ^ ■ or AF* and the doubly negatively charged sulphur ion by 
the symbol S or S*^ , etc. 

Many ions can in their turn lose or gain electrons, whereupon 
then' become either electric^ally neutral atoms or other ions with 
other cliarges. 

When an ion loses an electron its positive (jharge increases or its 
n(?gative charge decreases oi* becomes z(u*o (i.e., the ion beconu\s an 
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electrically iieuti al atom). (.)n the other hand, the addition of electrons 
to an ion decreases its ])Ositivc or increases its negative charge. For 
instance, if the doubly ])ositively charged iron ion F(* = ‘ loses one 
electron it b(^(;oines a triply chargtMl ion Fe ‘, or if it gains two 
electrons it turns into an eiectrically neutral atom Fe; if the doid)ly 
negatively charged sulphur ion S " loses two electn)ns. it turns 
into a sul[)hur atom S, et(?. 

Outer electi'ons may ])ass from one atom to another in a great 
variety of cliemical ])roeesses; this will be dealt with in greater detail 
in the next chapter. The number of such electrons is the principal 
factor determining the differences in the chemical ])ro])erties of 
atoms. Only the (‘leetrons of the outer layei* 
take ])art in th(‘ emission and absorption of 
visibhi light rays, as well as infra-red and ultra¬ 
violet rays, which are close to them in wave 
l(mgth. 

Now let us (‘xamine the arrangement of 
the electrons in the atoms of some of the ele¬ 
ments. 

The hydrogen atom has only one electj'on. 
ti-avelling about the nucleus in a eii‘cle, as showji 
in Fig. 21. The hydrogen atom can easily give its 
(vlectroji away to other atoms to become a singly 
])Ositively charged hydrogen ion consisting only 
of a nucleus, called a proton. 

The next element after hydrogen, helium, 
has two electrons, foiining the lirst la}^!* K. 

Both electrons revolve in (arcular orbits at a 
<*ertain angle to eac^h other (Fig. 22) and possess 
equal energies, i.e., are at the same (first) energy 
level. Such an arrangement of electrons is very 
stable, so that helium is inclined neither to 
give away its electrons nor to acquire the elec¬ 
trons of other atoms. That is why helium is 
chemically inert. 

After helium conies lithium with three electrons. The helium 
electron layer, being very stable, remains intact in this atom: the 
third electron is situated on a considerably elongated elliptic orbit 
and starts the second electron layer (Fig. 211). This election is less 
strongly attached to the nucleus than the first two, and the lithium 
atom easily gives it away, changing into a jiositively charged 
ion. 

The elements following lithium, namely, berylliuin, boron, carbon, 
etc., retain the helium layer of two electrons, but the number of elec¬ 
trons in their second, L layer increases successively by one in each 
element until the number reaches S in the neon atom. Then we get a 
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Fig. 21. Struct urc of 
hyrlrog(*n atom 



Fig. 22. Structm‘(‘ of 
ht‘lium atom 
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A ery st able syiiiriietj ical ari-aiigeiiient of electrons (Fig. 24), as a result; 
of which ueon. like lielium, ciiii neither Jose nor gain electrons. On 
the contrary, in the atoms of the elements 
situated between helium and neon the elec¬ 
trons of the L layer are weakly attached and 
(*an be split oif. turning these atoms into ions. 




SliMn'tiin* of' lilhiuiii 


24. iiivof’ru'im atom 



Kig. 25. Strucluro of so<li\im atom 


Xeon is follovN cd by sodium. T(m of its electrons are arianged in the 
same Avay as in the ruMm atom (two on the first energy level and eight 

on the second), while the eleventh 
electron oc(*uj)ies a greatly elongated 
elliptic orbit and is on the third energy 
level (Fig. 25). Thus, the sodium atom 
has a structure resembling that of the 
lithium atom, Avhich accounts for 
the chemical resemblance of these 
(dements. Jn ]>assing from sodium to 
magnesium, aluminium and the sub¬ 
sequent elements, just as in passing 
from lithium to neon, the number of 
electrons kee])s successivedy increas¬ 
ing, but now in the third layer, 
and in argon (Fig. 26) we again 
Fig. 26. Striu t\iro argon atom have a stable structure with an 

tdectron octet in the third layer. 

The further grow th of the electron layers and their saturation w ith 
electrons wdll be considered in detail in (^haj)ter \7I. 
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The atomic models shown in Figures 2J-2(> rej)resenting the arrange¬ 
ment ol the electron orbits in the atoms of various elements are very 
clumsy and inconvenient. For c;hcmical j)ur})oses the sirn])1ified dia¬ 
grams of atomic striuiture schemes shown in Fig. 27 are quite suffi¬ 
cient. It must only be re!)iembored that these schenu^s give Jio idea of 
the actual arrangement of the electrons in the atoms, but only indicate 
the number of electrons in each layer. Fach (^ireh' (torresponds to one 
layer of electrons, i.e.. one energy levc^l. 

45. State ol the Electrons in Atoms. Elements of Wave Mechanics. 
Hie Bohr theory was of great service to jihysics and chemistry, 
approaching the discovery (»f the laws of spectroscojiy and an expla- 
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nation of the mechanism of radiation on the one hand, and a revela¬ 
tion of the structure of individual atoms and the establishment of 
the relation between them on the other. However, there were still 
many ])henomena in this field, which the ]k>hr theory could not explain. 

Bohr ])ictured the motion of the electrons in the atom to a certain 
I'xtent as simple mechanical motion, whilst actually it is very com- 
])lex and peculiar. The jieculiarity of the motion of the electrons 
was revealed by a ne^ theory, the quantum theory or wave me¬ 
chanics. 

This theory jiroceeds from the idea that the Newtonian laws of 
mechanics, which are true for bodies of sufficiently large mass (i.e., for 
those we usually have to do with in practice), are inapplicable to the 
motion of electrons in atoms and should be re 2 )laced by nev\' law s 
(conforming Avith the j)eculiarities of this motion. 

Quantum mechanics shows that the laws of motion of electrons have 
very much in common with the laws of wave pro])agation, and tliat 
is why it is otherwise called w^ave mechanics. Thus, according to the 
principles of quantum mechanics the scattering of electrons by crystals 
should give rise to diffraction ])henomena, just like the scattering 
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of X-ra\'s. Electron diffiaction was aotuaJJy obsoJ•^THl soon after and is 
used at present for t he study of the structure of substance just as widely 
as X-ray diffraction. 1‘articiilarly, elec^tron diffraction is the vindeT- 
lying ])rinci|)le of the electron microsco])e. 

As the math(uuatical asj)eet of this new theory is very complicated, 
we shall not dwell ii})on it. It should be noted only that the fundamen¬ 
tal ecjuation of wave mechanics is an equation relating the wave length 

of a stream of electrons to their velocity v and mass tn : 

h 

A - 

m • r 

where h is the Planck constant, equal to 1(^ 2 t erg sec. 

Wave mechanics embraces a broader s])here of ])henomena than the 
Bohr theory and therefore (^an solve a nnml)er of j)ioblems which are 
beyond the scoj)e of the latter. 

For instance. Mav(‘ mechanics e.\])lains wliy only eenfain (hffinite 
electron orbits are stable. Only those orbits are “stable" winch can 
accommodate a whole number (>f waves. Since tlu^ kmgth of a circular 
orbit of radius /• equals 2,Tr, the stability of the orbit is determiiuMl 
by the ecpiation 

. // h 

2 .T r 

)n> • r 

where /? is an integer. This is the mathematical expression of Bohr's 
iirst postulate, on which he based his calculation of the motion of the 
electron in the hydrogen atom in lOBl. 

In the above equation the factor //. called the princi|)al quantum 
number, can take the A^alue of any whol(‘ ninulxM* from I to in¬ 
finity. 

principal (juantum number defines the (*nergy Icn^el correspond¬ 
ing to any given orbit and the distance of the latter from the nucleus. 
The value n~- l eorres])ouds to the lowest energy level, designated 
by the letter K: the value a -2, to the energy level L, etc. 

It should be noted that present-day wave mechanics puts a differ- 
(uit meaning into the word “orbit" than it had in the Bohr theory. 
Wave mechanics considers only the higher or lower probability of 
a swiftly moving electron being at any gixeii point of space: there¬ 
fore in wave me(;hanics the word “orbit" means the field (sf)here) 
around the nucleus in which the electron is found most often cm ihe 
average. 

The j)robability of an electron being at a (?ertain point c^an also be 
expressed by the conception of the electron atmosphere. The electron 
revolves around the nucleus so swiftly that its electrical charge can be 
imagined as “diffused” into an atmosphere of negative electricity. 
The density of the atmosphere is higher where the probability of the 
electron being present is greater. 
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Thus, tho coiice])tioii of the electron orbit as of a definite line is 
substituted in wave mechanics by tlie conception of the electron 
spiiere or the electron atmosphere. For instance, the c‘ircular electron 
orbit in tlie hydrogen atom having the ])rinci])al ciuantum number 
7 ? -- 1 corresponds to an electron atmos|jhere in M'liich the density is 
greatest near a sphcrrical layer erf raclius r ^0.53 Angstrom units, 
ecjual to the radius oi‘ the lirst Bohr oi bit. The electron may be at a 
greater or smaller distance from the nucleus, but the ])rol)al)ility of its 
being there will be lower. With 7/ 2 the density of th(> electron 

atmospht're is gieatest farther away from the* Jiucleus. and so 
forth. 

Thus, the princi])al cpiantum number determinc>s the mean radial 
arrangement of 1 ‘lectron density around the nucleus. 

The state of the (‘lecdron iji the atom is characteri/ed by thic'c moj*e 


(jjuantum ninnbers, besidc's the 
principal one; these numbcTs are 
denoted by /, /// and ,s. ;‘ V ‘ 

The sevomlury (azimuthal}yiarn - 
turn numlur I characterizc^s the . • 

moment of niomcmtum of theeler*- '* . 



tron with respect to the* centre of ... 

its orbit. It determines the shape of ^ ^ 

theelectronatmos|)here(theshape v\^. 2s. Kku'Cron rlouds: 

of the orbit), its (^Ontinility or liydro^r.Mi niom; h moltviiJr 


discontinuity and its elongation. 

AVith each given ])rincipal ciuantum number n the sec‘ondarv 
(juantum numbe^r 1 can take all the values of the whole numbers 
from d to 7 /- 1. Thus, if the principal (quantum number n 
ecpials 1, the secondary cjuantum number / c;an ecpial only d. In this 
case the electron atmosphere has the shape of a sphere (Fig. 2Sa). 

If the principal ciuantum number ecpals 2, the secondary cpianturn 
number may have the values d and 1. AVith the ])rmci|)al cjuantum 
numben* eciualling 3 the possible values of / are d, 1, 2. and so 
forth. 


Quite often instead of denoting / by the figures d. I. 2. 3, 4, the 
literal designations .s*. p, (L /, f/, are used: then we speak of the s, p, 
d, etc., states of the electrons, or the ts*-, />-, rf-, etc., orbits. 

The inagneHc quantum number m defines the jiosition of the electron 
orbit plane in space or, according to the cc:)nce])tions of wave mechan¬ 
ics, the direction in which the electron atmosphere is elongated. 
This number can take all the values of the whole numbers, both posi¬ 


tive and negative, but c^nly within the limits of the / value. For in¬ 
stance, with I ecjualling zero, 7 // also ecpials zero; if / equals three, 
m may equal —3, —2, —1, 0, 1, 2, 3. 

However, the elecd-ron in the atom rotatc's not only around the 
nucleus, but around its own axis as wdl, two opposite directions of 
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rotation being possible. This rotation of the electron (called spin ) 
is characterized by the fonrtli. spi?i quantum numhen^. Tlie latter can 
take only two vaJiies—])ositive or negative -in accordance with the 
two possible directions of rotation of the electron. 

With the four qnantuni iininbers indicated the entire aggre^gate of 
complex motions of the electron in the atom can be characterized. 
However, they do not gi^'e an exhaustive idea of the arrangement 
of the electrons in the atom, since the number of their random com¬ 
binations with each other is unlimited. 

By analysing spectra and taking account of the positions of the ele¬ 
ments in the Periodic Table, the }>hysicist Pauli discovered a general 
rule by which the combinations of quantum numbers corresponding 
to reality could be selected. According to this rule not a single atom 
can contain electrons identical in all res])ects. In other words, no 
two electrons in the atom can have all their four quantum numbers 
equal. 

Tlius, for instance, only two electrons of different spins can be present 
on the first energy level [v m ^ 0). 

The second energy level, corresponding to the quantum number 2, 
can contain two electrons A^*ith opposite sj)ins iji the ,s* state or on 
the 6*-orbit (/~d; //? - ()) and two electrons on each of the p states or 
p-orbits m-'- — 1, 0, f I). Thus, altogether the second energy 

level can contain S electrons (se^e Table 7). 

With the princij)al quantum number ?? - 3 the secojidary (juantum 
number 1 can take the values 0, 1 and 2 (s, p and d) wdiicli correspond 
to the following values of m : 


with I r i) m—^O 

with I “ 1 m -- — 1,0, r 1 

with / -2 m^ — 2, -~1, 0, +1, +2 

Since there can be two electrons in eac^h m state, the total number 
of electrons that can be acconunodated at the third energy level, 
corre?s])onding to n is 18 (Table 10 on pp. 153-5). In the same 
way it can easily be calculated that the fourth energy level (n--4) 
cannot hold more than 32 electrons. In general, the maximum number 
of electrons .V which can be contained at a given energy level n, 
is determined, according to Pauli’s Pule, by the formula A" ^ 2n“, 
which we already know. 

The arrangement of the electrons in the atoms can be conveniently 
wTitten in the form of short formulas as follow\s. First we write the 
figure indicating the principal quantum number; this is followed by a 
letter denoting the secondary quantum number, the number of elec¬ 
trons on each corresponding orbit being written as a superscript to 
this lettei*. Ilius, for instance, the ■ electron foi-mula’' of the hydrogen 
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al.()ni is Lv^ tliat of tlie lieliiini atom—J,v“, of the lithium atom- Ls-, 
of the oxygen atom- IrS-, 'Ip^, of the neon atom 2s-, 

2p*K of the aluminium atom — 2s'^, 2p^\ Us-, 3p^^ etc. 
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4<>. (lu'iiiiral Hoiids and Valoiiry. As we know, the atoms of clieinieal 
(‘lements differ in tlieir ability to eoinhine with a definite niimbei- 
of other atoms. Tt) eharaeterize this ])ro|)erty, in the middle of the 
XIX eentiirv the eonce])tion of valenev of the elements was introdiieed 
into ehemistrv. The meaning of this eoneeption was indicated in 
§ 24. However, tlie nature of the forces goveining the bond between 
atoms and moJeeiiles was for a long time unknown. Only after tlie 
development of the science of atomic structure did theories begin 
to a])pear ex])laining. on the basis of electionie eonce|)tk)ns. why 
elements have different vakaiey and how chemical com])ounds are 
formed. All these tljeories are grounded on th(' existence of a relation 
between chemical and electrical ])henomena. 

liCt us first consider the relation of substanc^es to electrical cur¬ 
rent. 

Some substances are conductors of electricity in both the solid 
and the licpiid states; such, for instance, are all the metals. Other 
substance's do not conduct current in the solid state, but are electrical 
(^(mductors when melted. These include the great majority of salts, 
as well as many oxides and hydroxides. Fijially, there is a third 
grou]) of substances which conduct current neither in the solid, nor 
in the liquid state. These are almost ail the non-metals, their com- 
|)ouikIs with oxygen and other non-metals, anhydrous acids and 
most organic substances. 

The passage of current through fusions of salts and compounds 
resembling them is essentially different fi*om the passage of current 
through metals. Whereas metallici conductors are only heated by the 
current, without their substance undergoing any chemical change, in 
fusions current causes ])rofound changes, manifested by the appearance 
of decomposition products of the salt or salt-like comijotind at the 
electrodes immersed in the fusion. 

For instance, when current is passed through molten table salt 
the metal sodium is liberated at the cathode (the electrode connected 
to the negative pole of the source of electricity) and the gas chlorine, 
at the anode (the electrode connected to the positive pole). 
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It has beciii established by exj)erinieiit that the eleeti*ical coji- 
(liietivity of metals is due to tlie motion of electrons, while the con¬ 
ductivity of fused salts and similar compounds is due to the motion 
of ions with o])})osite chaiges. For instance, when current is ])assed 
through molten tabic salt, ]>ositively charged sodium ions Na‘ move 
towards the cathode and negatively eharg(‘d chloride ions V[~ towards 
the anode; at th(‘ electrodes the ions are discharged and converted 
into electric^ally neutral atoms of sodium and chlorine. It is evident 
that in salts and salt-like compounds the ions exist in the solid 
substance, and fusion merely creates the conditiojis for them to move 
freely. Therefore such compounds are known as ionic compoundfi. 
Substances Avhic'h ])ractically do not conduct current, contain no ions ; 
they are made u]) of electrically neutral molecules or atoms. Thus, 
the different attitude of substances to (‘lectric current is a consequence 
of ditferejit elect rical states of the ])articles makhig up these substances. 

The three above tyj)es of sul)stances resf)()nd to three different 
types of chemical bonds, 
namely, a) wetallic hond>s 
(between |)arti(^les forming 
metals); b) ionic hands. 
othei'wise called electroralent 
hands (between o])positely 
charged ions in ionic com¬ 
pounds); c) atomic, or 
raralent , hands (between 
electrically neutral atoms 
in the molecules of all 
other substances). 

The nature of metallic 
bonds will be considered 
later in describing the metals. 

Here we shall dwell in 
greater detail on the other 
two types. 

Ionic Bands, This tyi)e of 
bond occurs between oppo¬ 
sitely charged ions and is 
due to simple electrostatic 
attraction between the ions. 

As stated in § 44, positive 
ions are formed by atoms 
losing electrons, while nega¬ 
tive ions result when atoms 
gain electrons. 

Thus, the ion Na ■ forms when one electron is abstracted from a 
sodium atom. Since there is only one electron in the outermost layer 
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Kig. 29. Striu'ture of atoms and ions of 
sodium, magnesium and aluminium 
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of the sodiuiu atom, it is oiiJy Jiatural to sin)])0se that ])reciseJy this 
electron, which is the farthest from tlie nnclens, is split away from 
the sodium atom when the latter is converted into an ioji. Jn a similar 
manner, magnesium ions Mg ’ ‘ and aluminium ions AI ■ ‘ ' form as 
a result of the loss of two and three outer electrons by the atoms 
of magnesium and aluminium, respectively. 

The structure of the atoms Na, Mg, Al, and the ions Na ■, Mg ’ ‘ 
and Al ' ' is shown diagrammaticaHy in Fig. 

In Fig. 3d the electioiiic structure of sulphur and chlorine atoms 
is compared with that of the negative ions of these elements formed 
by the addition of electrons to the corresponding elements. As the 
inner electron layers of the chlorine and sul])hur atoms are filled, 
the additional electrons in the ions S and (T must evidently 
take up their ])ositions in tlu' outer layer, as shown in the figure. 

Comparing the comjiosition and structure of th(‘ electron shells 
of the iojis Na y Mg ■ ' and A\ ■ = , we find that they are identical 
in all these ions, namely, the same as in the atom of the inert gas 

neon Ne, and therefore can 
be ex|)ressed by the same 
electron formula: 

1.V-, 2,v-, 2yy> 

At the. same time the ions 
S and Cl formed as a 
result of the capture of 
electrons by sulphur and 
chlorine atoms have the 
same electron shells as the 
argon atom. 'J’herefore their 
electron formula is the same 
as for the argon atom: 

Ls^, iV, 3.sy 3p« 

Kig. 30. Structinv ut atoms and ions of 

siijphiir and cliinrinc' 3^hus, ill the abovo cases 

of conversion of atoms into 
ions the electron shells of the ions become similar to those of the 
inert gases closest to them in the Periodic Table. 

T'he present-day theory of valency attributes this to the fact that 
the electron groupings in the atoms of the inert gases (two electrons 
in the outer layer of the helium atom and eight ele(5trons in the 
atoms of the rest of the inert gases) are especially stable. The stability 
of these groupings accounts for tlu? inert gases not being capable 
of combining with other elements. Atoms with less than eight electrons 
in their outermost layer tend to acquire the sti ucture of inert gases 
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by losing their “excessive” electrons or by supplementing them at 
the expense of the electrons of other atoms to forin an octet in their 
outer layer. This is wliat hapj)ens during the formation of the majorit^y 
of chemical com])oun(ls consisting of ions. 

The formation of a chemical com])ound of the ionic type from its 
constituent atoms can be pictured as follows. 

First the atoms an^ c-onverted into o])])ositely charged ions as a 
result of electrons of one atom ])assing over to the other, after which 
the ions attract one another, forming a compound with ionic bonds. 

Suppose, for instaiujc, that sodium atoms, which have only one 
electron in their outermost shell, encounter chlorine atoms which 
contain seven tdectrons in their outer shell. The sodium atoms yield 
their excessive (dectrons to the chlorine atoms, turning into singly 
positively charged ions with the electron configuration of the inert 
gas neon. Simultaneously, the chlorine atoms, having gained one 
electron each in tludr outer layers, become singly negatively charged 



Pig. 31. Konmilioji of sofliiiin chloride' 

ions with the structure of argon atoms. After this the ions thus 
formed are brought together by electrical attriictioii between the 
unlike chargers, resulting in the salt sodium chloride (Fig. 31). 

Denoting electrons by the letter c with a sui)erscript minus sign (c ), 
the processes taking place during the formation of sodium chloride 
can be expressed by the following ‘‘electronic” equations: 

Xa — r -:^Xa = 

(1 i c- - Cl - 

Xa' id -Xad (or XaCI) 

The formation of other ionic coni])ounds can be explained in a 
similar manner. For instance, in the formation of magnesium sul})hide, 
MgS, each magnesium atom gives away two electrons to a sulphur 
atom. The result is a doubly positively charged magnesium ion 
Mg ‘ ' and a doubly negatively charged sulphide ion H~~, The ions 
thus formed attract each other, giving magnesium sulphide: 

Mg — 2e~ =Mg'-’ '■ 

S I LV---S-- 

Mg!- I S - Mg S (or MgS) 
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111 the foniiatioji of aluniinium oxide ALC);i each aluniinium atom 
^ives three electrons away to oxygen atoms. Havdng onJy two defi¬ 
ciencies in its outer sliell, eacli oxygen atom accepts two electrons. 
The result is triply ])()sitively charged aluminium ions Al^ ' • and 
doubly negatively charged oxide ions () with two aluminium ions 
for every three oxide ions. Attracting each other, these ions form 
aluminium oxide: 

(A1 ),(() U AloO,,) 

It should be noted that while the electron slu^lls of all negativi^ly 
charged ions resemble the shells of inert gas atoms, ])ositi\'ely charged 
ions may have shells which diflFer from tho.se of the atoms of ineit 
gases. Such, for instance, are the electron shells of Vv . Ke ■ . 

Zn and many other positively charged ions. 

Valencff of EJetncnfs in Ionic Com pound. The above conceptions 
of the mechanism of formation of ionic conpiounds lead to the con¬ 
clusion that the valency of elemenin in ionic compoinids is characlerized 
hy the nuniher of electrical charyes on their ion.s. This is otherwise 
called eleetrovaleiicy. 

The electrovalency numlier is equal to the number of electrons 
lost by an atom in forming a ])ositive ion or gained by it in forming 
a negative ion. In the first case the el(‘ctrovalency is considered 
positive, and in the second negative. 

The ability of atoms to turn into jiositive or negative ions depends 
on the jiosition of the corres])onding elements in the JVriodie Table. 
Atoms of th(? elements at the beginning of any piTiod have a smaller 
nuclear charge than atoms of elements at the end of the period. 
In the first case the electrons are attracted less strongly than in the 
second; therefore, the tendency of atoms to change into positive 
ions decreases in each period, generally sjieaking. from left to right. 
Only atoms containing more than five electrons in their outer layer 
(atoms of non-metals) can become negative ions. Atoms with less 
than four electrons in their outer layer (with the exce])tion of the 
hydrogen atom) can only give away electrons but. as for as we know, 
can never accept them. Such are the atoms of the elements we call 
metals. 

Rlectrons capable of sjilitting away from the atom during chemical 
reactions are called valency electrons. The number of valency electrons 
in an atom, as a rule, equals the group number of the corresponding 
element in the Periodic Table. 

Structure of Ionic Compounds, In considering the formation of 
ionic compounds it should be remembered that all ions, with the 
exception of the hydrogen ion H', which is a “naked” nucleus, i.e., 
one entirely devoid of electrons, possess a certain negatively charged 
eh^ctron shell. Consequently, when oppositely charged ions are brought 
very close together the;,' begin to re])el each other. At a certain 
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distance the attraction is balanced by the re])iiLsion and the ions 
remain at some distance from one another. 

If a large nnmber of |)ositive and negative ions are brought close 
together, the result is a crystal in which each ion of one sign is 
surrounded by ions of the of>]K)site sign. Obviously, the conception 
of molecules is ina])|)licable to crystals made u]) of ions, i.e., to ionic 
compounds in general. For instance, in the case of common salt we 
can say that it consists of NaCI molecules only in a very conventional 
sense. Actually there an^ no such molecules in its (aystals. The entire 
crystal consists of a large number of Na ’ and (1 ions. !Na(1 molecules 
appear only in the vapours of common salt. Hence, strictly s])eaking, 
the formula Na(.1 does not depict the molecule of sodium chloride: 
it shows only that in this substance each atom oi*. more precisely, 
(^ach ion of sodium, has ones corresjionding chlorine atom (chloride 
ion), which cpiite defines the com])osition of common salt by weight. 
However, in the future we shall conventionally use the term 
' molecule'' for salts whenever we hav(^ to indicate the ratio between 
the numl)er of positive and negative ions forming the salt. 

All that lias been said aliout: Nad crystals pertains also to the 
crystals of other ionic compounds. 

Atomic Bonds. The assumption of electrostatic attraction between 
ofipositely charged ions being the reason for the ajijiearance of 
(‘heniical bonds is obviously inapplicabh^ to molecmies of simple 
substances (hydrogen Ho. oxygen Oo, etc.) as well as to molecules 
of substances formed from elements of close chemical propei'ties, as 
it is difficult in sucli a cas(^ to assume the formation of oppositely 
charged ions. Therefore, Avith respect to such substances a difterent 
theory of formation was suggested, known as the theory ol eovaleiiey. 
In developing this theor\' the chemical stability of inert-gas atoms 
was also taken into account, as Avell as the fact that the total number 
of valency electrons in the great majority of molecules is even (foi* 
example, in the molecule Og it ecpials 12, in the molecule (^(> 2 , Hk etc.). 

According to the theory of coA^alency, when a molecule forms (just 
as in the case of ionic com|)ounds), the atoms of the chemical elements 
ac(piire stable electron sliells similar to those of inert gas atoms. 
lioAvever, this stability is not attained b>' transferring electrons 
from one atom to another, but by the formation of one or more 
electron j)airs which become common to the combined atoms, i.e., 
belong to the electron shells of both the atoms simultaneously. It 
may be imagined that these ‘paired” electrons traA^el in orbits 
embracing the nuclei of both atoms, aiul in this AAuy link the atoms 
into a molecule. 

A chemical bond which is due to the presence of electron pairs 
is called a covalent or atomic bond in contradistinction to the electro- 
A^alent or ionic bond l)ased on electrostatic attraction betAveen 
oppositely charged ions. 
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The supposition that pairs of electrons ‘scM’ving*' both nuclei are 
the reason for tlie formation of covalent bonds has found Ji ])roof 
in wave mechanics. The two positively cliarged nuclei may be con¬ 
sidered a single nucleus with a larger charge than either of the original 
ones. An electron moving about such a combined nucleus is retained 
more strongly than if it were moving about either of the original 
nuclei. This accounts for the fact that energywise the formation of 
covalent bonds is mon^ advantageous. The new orbit of the election 
in the molecule is called a molecular orliit. Th(‘ motion of electrons 
in molecular orbits obeys the same Pauli's Rule as their motion in 
atomic orbits. Tlierefore, there can be no more than two i^lectrons 
on the same molecular orbit and these must have op])osite spins. 
Electrons with the same spins cannot be on the same orbit. That 
is why each covalent bond is formed by one pair of electrons 
only. 

From the ]3oint of view of wave mechanics, the formation of a 
molecular orbit is a consecjuence of the “overlai)})ing" of atomic 
orbits. As a result of this overla])ping the elc^ctron density in the 
molecular orbit (conceiving the latter as an c'lectron atmos])here) is 
greatest between the nuclei. This means that in jnoving along tluur 
molecular orbit the electrons report most often in tlu^ s])ac(^ bet\\een 
the nuclei. This results in a kind of layer of rugalive electricity arising 
between the nuclei which helps them to a})|>roach one another. There¬ 
fore, the more the atomic orbits ‘"overlaj)'' in forming the molecular 
orbit, the stronger the bond. 

CJovalent bonds in chemical formulas are denoted in the following 
manner. Around the symbol ol‘ each atom are ])la(‘ed as many ])oints 
as the atom has valency electrons. The common electrons are indicated 
by })oints placed between the chemical symbols; a double or tri])le 
bond is designated r(?s])ectively by two oi’ three ])airs of points. 
Using these designations, we can gra])hically depict the formation 
of stable shells liy means of common electrons, as well as the structure 
of various molecules. Ry way of examjilc we give below the schemes 
of formation of moh'cules of chlorine and nitrogen: 


:C1- 

• (.;i: - 


'hlorilt*.' 

chlorine 

chloriiio 

alorn 

atom 

inolof.Lilf 

:N- ■! 

•N; - - 

-- :N;::N 

iiitrofftTi 


iiilrop‘11 

utorri 

htoni 

inoh'culr 


The outer shell of the chlorine atoms contains seven electrons. 
When chlorine atoms combine into a molecule two of their electrons 
become common; as a result, each atom accpiires a stable outer shell 
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of eight eleetroiis, six belonging to each atom sepai'ately and two 
being common to both atoms. In the formation of a nitrogen molecule 
three paii’s of electrons become common. Tims, tiu' outer shell of each 
atom is filled to make (Mght eb^ctions in each. 

The following formulas show the molecular structure of several 
complex sul)stances ammonia, water, carbon dioxide and methane. 


H 



H 

H : N: 

H 



H 



H 

aninioiiia 

water 

i'arlioa dioxide 

met lame 


In the ammonia molecule each of the three hydrogen atoms is 
bound to the nitrogen atom by a ])air of common electrons (one 
election from the hydrogen atom and one fiom the nitrogen). Tims, 
the nitrogen ac(]uires an eight-electron outer shell, while the nucleus 
of each hydrogen atom is now surrounded by two electrons, forming a 
stable “heliiinr' shell. Hydrogcui atoms have similar shells in the mole- 
(*ules of Avater and metluiiK'. In tlie carbon dioxide molecule, Avhere 
the (^ai*bon atom is ctmnecled with each of tlie oxygen atoms by two 
pairs of (electrons, all three atoms have octet outer shells. 

It will be noted that in the above formulas each ])air of electrons 
linking two atoms corresjionds to one line indicating a valency bond 
in ordinary structural formulas. Therefore, the valenci/, or to ha more 
precise, the v.oralmcij of an element in a given compound is determined 
bif the. number of electrons of its atom used to form common or 'dinting ’ 
electron jKtirs. 

Qiuiiiturn-iiurhaiLicnl (compulations show that only (‘Ic'ctrons witli opposite 
spins can hc(*.oin(‘ •'])air(‘(r' in tlio elect no held of a nu(*l(‘us (or nuclei). IJencc', to 
lorni »i eovalent. bond, each of the eoinbiniiig atoms must have at least one elee* 
t ron wit h u spin oppositt* t o tlie spin of the elect ron ('»f the other atom. Ihit in tree 
atoms ])art of the valency cileetrons, nam(.>ly, the electrons on one and the saine 
orbit, an^ already “paired,” us their spins are o})])osite, ae.c(.>rding to Pauli's 
Kiile (s(‘o p. US). Obviously, sucli elcndrons cannot take dinxjt ])art in the 
format ion of ji covalent bond. Therefore the valency (eovalency) of a free atom 
do(‘s not (Mjual the total number of its valeiu'y (‘lecirons, but only the nuiiibei’ 
of ‘‘unpaired” eleetrons. 

A study of tlie spectra of lla; ek'iiKXits has mad(‘ it possil)le to I'stablish wdiich 
of the valency eleetrons in the atoms are “unpaired” and which “paired.” 
liy way of (>xample, the structure of the outer electron layer of th(' atoms of 
some of the second period non-metals (nitrogen, oxygen, fluorine) may be 
])(>int(‘d out. VV(^ remind the reader beforehand that the energy level of the 
(‘h'ctrojis iji these atoms is (k'terinined by the main tpiantum number 2, and 
that w'ith n - 2 there can bo only one s-orbit and three p-(M)its. It sliould also 
1)(> noted that the electrons in the ^-orbits are always arranged singly, unk'ss 
their number ex(X‘(*ds t>H? numbt^r of orbits possible for the electron lov(>l in 
question. 

Denoting each of th:j above orbits conventionally by a rectangular coll and 
the ehxflrons by arrows pointing in opiiosite directions in the cast' of paired 
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t'loctroiis, the orbital aiTan"('Tncnt ol‘ tlio outer c'loelrous in I In* utoius N, (), 
and F will be as follows: 
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'riuvse diagrams show that from the standpoint of the spin th<‘orv of valenev 
a nitrogen atom can form thrcH' eovalent lamds, an oxyg(‘n atom two. and 
a tluoriiK' atom only one eovalent bond. 

'I’he orbital arrangement of the valtaiey t'leetrons in 1 lu* carbon atom is shown 
in the diagram ))el()w (left). According to this diagram carbon sliould be only a 
bivalent elenuMit. Howev(*r, if tlu‘ atom losi‘s only a n'lativ<‘ly small amount 
of energy, tlie |)air of .s‘-eU‘ctrons separates, one of them ])assing o\('r to a 
p-orbit at the sanu* eia-rgy level: 
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'fhe (Miergy loss is amply eovennl by tlu* en(‘rgy lilxa’ated during thi‘ Ibrmation 
of f<nir covalent bontls. 'Idiat is why carbon is teiravahaii ii» iht* gn^al majority 
(jf its compounds. 

Now let us consider ih(‘ orlatal arrangem<*nt t>f tlu' valency electrons in th«* 
atoms of sulphur and <‘hlorine, belonging to tla' tliird ])eriod. 'flK? valcjicy 
ele(*,tron.s in these atoms are at aii<*nergy level <‘orr<‘sponding t o t lie jirineipal (juan- 
tum number 3, for which five d-orbits are possible, besid(‘s r>ne .v-orl.)it and thive 
p-orhits. But the (/-orbits are eiLergywisi' less advantageous than tlie h- and 
p-orbits, so that all the vah'ricy electrons in “uiu‘xcitt'd” sulphur and ehl<u*ine 
atoms are situated on th<> .v- and />-orbits. It follows from th(‘ diagram givcai 
below that willi such an arrangement, the sul])hur atom would be abh* to form 
only two, and the chlorine atom only one ('ovah'iit boiid. Howcv(‘r, if a (*ertain 
amount of energy is exjx'nded (comjxaisated by the energy lilxTated during the 
formation of the covalent bonds) the sul])hur atom may pass into an ‘‘exeited” 
state with four or six separated electrons, and tlu' chiorita* atom into a state 
with three. ti\'e or s('ven separated electrons. 
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Thfi c-orn'sjjoiKiinj^ valtMirv valui's ;\vr. artuallv uhavrvi^d in sulphur (i!, 4 
aiul 6) and chlorine atoms (I, 3, 5 and 7). 

Thus, covalent bonds l)(d:ween atoms in molecules are due to the 
lu esence of one or several pairs of conunon eh^ctrons. Since the lor- 
mation ol a (jovaleiit bond is not, as a rule, accompanied either by loss 
or gain of electrons in the atoms, it is evident that molecules'with 
covalent bonds do not contain ions. However, if the atoms in the nioh^- 
(aile arc heterogeneous the common electron pairs may be more inti¬ 
mately associated with one atom than with the other. For instance, in 
the compound of chlorine and hydrogen the common electrons are 
drawn towards the chlorine, as towai-ds the element possessing the 
st i’onger jion-metallic properties, in consequence of which the chlorine 
atoms acquire a partial negative charge and those of hydrogen a partial 
j)()sitive charge. 

In siicdi cases the covalent bojid is called ‘‘polar” in contradistinction 
to the “non-polar” covalent bond when the common electrons are 
equidistant from both atoms. If the combining atoms j)ossess directly 
o])posite chemical properties the electron pair may ])ass entirely over 
to one of the atoms, converting it into a negative ion and the other atom 
into a positive ion, thus forming an ionic compound. 

The following scheme illustrates these three cases: 

: (1: Cl: The bonding electrons are shared equally by both atoms. 

II : V\: The bonding electrons are drawn towards the chlorine atom. 

| Na | |:C1:] The electron pair has passed entirely over to the chlorine 
atom. 

The state of atoms linked by a polar covalent bond approaches that 
of an ionized atom. For instance, in the HCl molecule the states of the 
atoms H and ( '1 are close to those of the ions H ■ and Cl respec¬ 
tively. 

Thus, all substances (except metals) may bo divided according to the 
nature of the chemical bond between their atoms into two main 
groups: 

1) Substances with electrovalent or ionic bonds consisting of positively 
and negatively charged ions, held together by electrostatic attraction. 

2) Substances with covalent or atomic bonds, the molecules of which 
do not contain ions. In such molecules the bond between the atoms 
is a result of interaction between electrons which become common 
to both atoms. 

Typical representatives of substances with ionic bonds are, as we 
have mentioned above, salts, basic oxides, etc.; the simple gases— 
hydrogen, nitrogen, oxygen—are typical re])resentatives of substances 
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with atomic bonds. No sharp line can be drawn between tiiese two 
groups of substances. Firstly, there are many compounds which 
contain both atomic and ionic bonds at the same time. Secondly, in 
compounds with atomic bonds the shared electrons pairs may be drawn 
strongly towards one of the atoms, making these compounds similar 
hi some properties to tyjiical ionic compounds. Therefore, the nature 
of the bond in any given com]lound can be determined only by exam 
ining a considerable number of its properties and ev(>n then the na 
ture of the bond remains disputable in many cases. 

Pomtive and negaHn valency of the elements in atomic compounds. 
The chemical behaviour of covalently linked atoms is determined to 
a great extent by theii* i-elative charges. Thus, for instance, in very 
many reactions involving hydrogen chloride, the bond between the 
hydrogen and the chlorine is ruptured in such a way that the linking 
jiair of electrons pass(\s wholly ovei* to the (‘hlorine, w^hich is s])lit 
off as a negative ion. This may be exjnessed schematically in the follow¬ 
ing manner: 

(the dotted line indicates the point of rupture of the bond). (Jn the 
contrary, in comjiouiids of chlorine with fluorine, the bond between 
the chlorine and the fluorine may be so split that the chlorine is con¬ 
verted into a positiv'e ion: 

:Cll:F: [: H] * ]■[:¥:] 

In chemical practice it is often necessary to estimate not only the 
covalency of a given atom in compounds with atomic bonds, but also 
its relative charge due to displacement of el(?ctrons towards one or the 
other of the nuclei. I'his fact is indicated by stating, for instance, that 

the valency of (chlorine in hydrogen chloride equals.1 and in chlorine 

fluoride, 1. 

^J'hus the conception of positive and negative valency is not limited 
to ionic compounds but (*aii be extended to comj)ounds with atomic 
bonds as well. 

The 'magnitude of the positive or negative valency of elements in 
atomic compomids depends on the charge their ions would aeguire if 
each of the bonds broke up in such a way that the electrons forming the 
bond were tra'nsferred completely from one of the atoms to the other in 
accordance with the position of those atoms in the Periodic Table. 

In deciding the direction in which the electrons are drawn, the follow^- 
ing guiding principles should be used: 

1) Within the same period the electrons are drawm towards the ele¬ 
ment closer to the right end. 

2) Within the main subgroups the electrons are drawn tow^ards the 
element closer to the top. 
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.*?) If two idontical atoni.s are combined directly the electrons will be 
divided equally between them when the bond is ruptured. 

4) Oxygen always displays negative valeiury (e\cej)t when in eoinbi 
nation with lliiorine). 

f)) In compounds with non-metals the valency of hydrogen is posi¬ 
tive. 

To illustrate the use of these rules let us considei* t he val(‘nev of 
sul])hnr in sev^eral of its comfmunds. 

In sulphuric anhydride the electrons are drawn towards the 

oxygen, as oxygeji is above sulphur in the sixth gi*oup of the Periodic 
'fable. If all the valency electrons are transferred from tlu' sulphur to 
the oxygen, each oxygen atom gains two electrons and Ix'conies an 
() ion, while the sulphur atom loses six eh^ctrons. Thus, t he vahMicy 
of sulphur in this compound equals -j 0 and that of o.\\'gen, - 2. 

In sulphur flichloride electrons ar(‘ also drawn aw'ay fiom 

the sulphur towards the chlorine, as chlorine is at tlie right of sul])hur 
in the same ])eriod and the charge on its atomic nucleus is one unit 
larger than that of sulphur. Each chlorine atom can gain only one 
(4e(;tron, "rherefore if all the common electrons are transferred from 
the suli)hur to the chlorine, the snl|)hur atom will become an S ■ ion 
and the chlorine atom, a Cl ion. Hencc^, the valency of sulphur in 
sul})hur dichloride equals +2 and that of chlorine equals I. 

In ]»hosphorus ])entasulphide l* 2 ^r> electrons are drawn from 
the phos])horus to the su!j)hur, inasmuch as su]j)hur is in the same 
])eriod as ])hosphorus, but at its right. Since each sidphur atom 
can acquire two electrons, the transition of all the electrons forming 
the bond to the sulphur atoms converts the latter into nogativi^ 
S ions. At the same time, two ])hosphorus atoms lose ten electrons 
and form positive T*’ ■ ions with hve charges each. Thus, the valency 
of sulphur in ])hos])horus pentasul])hide e(juals - 2 and that of phos- 
])horus {5. 

Now let us see how to calculate the magnitude and sign of the 
valency of an element in a complex substance consisting of sev^cu'al 
elements, if the valencies of the other elements in the substance 
are known. Suppose, for instance, we have to determine tlu^ valency 
of boron in borax, the formula of which is Na^B^Oy. In this com])ound 
there are four boioii and seven oxygen atoms for every two atoms 
of sodium. The valency of the sodium atom is 1, t hat of the oxygen 
-2. As the algebraical sum of positive and negative valency units 
of all the constituent atoms in any chemical compound must equal 
zero, we may Avrite the folhnving equation, denoting the number 
of valency units of the boron atom by .r: 

2 i 7-2-0 


whence 


4:r- 12. and .r = ! 3 
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111 a similar maimer wo cun easily ealciilate tlio valency of plios- 
IDhorns in plK)S})lioric acid 1131^)4, the valency of nitrogen in saltpetre 
.KNO3, etc. 

The valency of the elements in simple substances is considered 
to equal 0 . 

47. Polar and Xoii-Polar 3Ioleeules. All molecules contain both 
])ositivel\^ charged particles atomic nucl(u~and negatively charged- - 
electrons. For each typi^ of jiart icle (or rather charge) a ])()int can 
be found to represent a sort of 'electrical centre of gravity'' of these 
charges. Such -i^^oints are called the poles of the molecule. If the 

elect rical centres of gravity of the positive 
and negative charges in tlie molecule 
coincide, the molecule is non-polar. Such, 
for instance, are the molecules Ho, No, 
consisting of identical atoms in which 
the common electron pairs are shared 
eipially by both atoms, and also many 
molecules of symmetrical structure with 
atomic bonds, such as methane CH 4 , 
Ihit if the molecule is asymmetrical, for 
instance consists of two heterogeneous atoms, the common electron 
pair, as we liave already mentioned, may be drawn more or Jess 
towards one of the atoms. Obviously, in this case the electrical 
centres of gravity in the molecule do not coincide due to the non- 
uniform arrangernent of positive and negative charges, and the result 
is a polar molecule (Fig. .* 12 ). 

Polar molecules are dipoles. This term denotes any electrically 
neutral system, i.e., any system consisting of jiositive and negative 
charges so arranged that their (‘Ic^ctrical centres of gravity do not 
coincide. 

The distance between the electrical centres of gravity of the different 
charges (between the ])oles of a dipole) is called the dipole length. 
The length of a dipole characterizc?s the degree of ])olarity of tlie 
molecule. Obviously, different polar molecules have different dipole 
lengths; the greater this length, the more jironounced the jiolarity 
of the molecule. 

In ])ractice the degree of polarity of any given kind of molecule 
is established by nH?asuring the so-called dipole inonient of the mole¬ 
cule w, which is defincxl as the prcxhict of the length of tlie dipole I 
by the cliarge on its pole c; 


Kig. .‘^2. Volar uiul iK>ii-p<»lar 
moioculcs: 

n .jxilar mok'culr, k -rion-]»olai' 

jnolorvil*' 


(;ai‘bon tetrachloride CCL 


m -I e 

Dipole moment values are related to some of the properties of 
substances and can be determined experimcmtally. The order of 
m is always since the charge of an electron equals 4.80x10^^® 
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electrostatic units and the dipole length is a value of the same order 
as the diameter of a molecule, i.e., 10”^ cm. The table below gives 
the dipole moments of the molecules of some inorganic substances. 


Dipole Moments of Certain Siilislances 


Hydrogen. 0 

Nitrogen. 0 

Carbon dioxide. 0 

Carbon disuli)hido. 0 

Hydrogen sulphide. 1.1 

Sulphur dioxide . 1.0 



n . 

Water. 

. LSa 

Hydrogen chloride 

. ].03 

Hydrogen bromide 

. 0.70 

Hydrogen ioditle . . 

.0.3S 

Carbon monoxide . 

. 0.12 

Hydrocyanic acid . 

. 2.1 


Determination of dipole moment values allows many interesting 
conclusions to be drawn regarding the structure of various molecules. 
Some of these conclusions are examined below. 

As might liave been ex])eeted, tlie dit>ole moments of tl»e molecules 
of h}'drogt*ii and nitrogen equal zero; the molecules of tbese substances 
are perfect!}' s}'mmet- 
rical, and therefore 
tlie electrical charges 
in thorn arc arranged 
uniformly. The alisence ‘^3. Slructun; of CO^ and moleculos 

of polarity in carbon 

dioxide and carbon (lisulj)liide shows that their molecules are also 
synimetrical. 'Phe structure of the molecules of tliese substances is 
shown schematic^ally in Fig. 33. 

The presence of a fairly large di])ole moment in water is rather 
unex})eeted. The formula of water being analogous to the formulas 
of carbon dioxide and carbon disulphide, it might be expected that 
its molecules would be symmetrical in 
structure, just like those of CS 2 and (X^g- 
However, in view of the experimentally 
established polarity of the water molecule 
this assumption must be discarded. At 
present an asymmetrical structure is attrib¬ 
uted to the water molecule (Fig. 34). The 
two hydrogen molecules are connected 
to the oxygen molecule with their bonds 
at an angle of about 105^ to each other. 

There are other molecules of the same ty])e (HgS, SOo) which possess 
dipole moments with their atomic nuclei similarly arranged. 

The polarity of Avater molecules explains many of its physical 
properties. 

48. Polarization ot Molecules and Ions. When considering the 
structure of polar and non-polar molecules in the foregoing, we 



. 34. Struct iini of a water 
molecule 
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pmmMh'd JVoin thv fissuniplion that these molecules are not under 
the action of any outside electrical forces. Such forces may change 
the internal structure of the molecules considerably, and therefore 
also theii- |)]-o])erties. I\‘irticularly. under the action of an external 
electrical held molecules which are themselves non-])olar become 
tem|)orarily ])olar. 

Indeed. su])|)()s(‘ a ikmi polar molecuh' is j)laced between the two 
plates of a condenser (Fig. :h")). Obviously, the charges of the plates 
will atfect the arrangement of the charges within the molecule: the 
])ositively charged nucl(‘i are attracted to tlie Jiegative plate and the 
electrons to the positive. The result is a shift of the electrons Avith 
regard to the nuclei, and if ]irior to this the centres of gravity of 


o 


Kig. 15"). ioij 

nt unn-])n!Mr IDoh'Clllr 
ill (‘l(‘('tric* hrld 

the ])ositive and negative charges coincided, they will now separate, 
making the molecule a dipole with a certain (lij)ole moment. This 
])henomenon is called polarization of the molecuk*. and the dipole 
formed is called induced. Jf the external field is removed, the dipole 
disappears and the molecide again becomes non-polar. Ions can be 
polarized in an electrical field just like molecules (Fig. lUi). 

h]acli ion bears an (*l(‘ctrical charge, as a j*esult of which it is itself 
at the same time aji electrical field source. 1'herefore, in molecules 
consisting of opj)ositely charged ions the latter mutually ])olarize 
one another: the positively charged ion draws the electrons of the 
negatively chaiged ion towards itself ajid at the same time the negative 
ion re]jels the electrons of the ]>ositive ion (Fig. *M). The ions are thus 
i.e.. th(^ structure^ of their electron sliells changes. It follows, 
therefore, that tlic structure of ions combined in a molecule must 
differ considcu’ably from that of the free ions. 

The laiger the charge on an ion, the greater its polarizing action, 
and Avith constant cliaige the ])olarizing action increases rapidly 
as the radius of the ion groAvs smaller; on the other hand, the de- 
formability of the ion tliereupon decreases. SiiKse positive ions are 
g(‘nerally smaller than the negative ones, it is chiefly the negative 
ion that deforms upon the mutual polarization of tA\T) ions within 
a single molecnle (Fig. :kS). 



— -f 


Fig. Poliiri/.nt ion 
of i«>Ji ill firld 



Fig. :n. Mill Hill 

])<)lari/.at ion of ions 
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The positive hydrogen ion lias a strong polarizing action, as it is 
a luujlens (proton) of a very small radius entirely free of electrons. 
J)iie to the absence of an electron shell, the proton is not repelled 
from negative ions and can ajiproach them very closely. Tlie defor¬ 
mation of the negative ions duo to this ])roximity results in the ])roton 
penetrating, in a sense, into the electron shell of the negative ion, 
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i.e., to the formation of a covalent bond. As vve shall see in the 
following, a proton can jienetrate the electron shell of certain elec- 
tricall}' ncuti’al molecules as well, converting them into complex 
[lositive ions. 

Investigation of the deformation of electron shells of ions has made* 
it possible to get a deeper insight into the structure of chemical com- 
])ounds and to explaiji a number of their physical and chemical 
])roperties. For example, the unequal deformation of negative ions 
accounts for the differences in the dii)ole moments of molecules of 
analogical structure, such as HCl, HlJr and HI, the instability of 
certain acids and salts and a numlier of other chemical phenomena. 
A close relationship has also been found to exist between the de¬ 
formation of ions and the colour of their corres])onding salts. 
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4\K IMiysical S(att‘s ol‘ Siibsiaiice. In the foregoing chapters we have 
l)ec()me acquainted with the structure of atoms and molecules, tlie 
juinutest particles, of wliich all substances consist. In order to get 
a c()in])lete ])icture of the structure of substance we have still to 
see how these particles aie arranged in various substances, whether 
theii- arrangement follows any relationslii)) or is haphazard and 
unorderly. For this juirpose we must tirst (onsider the thre(‘ 
physical states of substance, Jiamely, the gaseous, liquid and 
solid states. 

Oase.<} are characterized by their ability to till uniformly any volume 
placed at their disposal. This ])roperty of gases is due to the extra¬ 
ordinary mobility of their particles. Tliat the particles of gases are 
at great distance's from one another is confirmed by the high com- 
pressibilit}' of gases. Under such conditions the mutual attraction 
betw'een ])articles is very small and does not keep them from flying 
in all directions. The particles move so swiftly and unorderly that 
any regular arrangement is out of the question. 

Liquids differ from gases in that they occupy a definite volume 
at any given temperature. The very slight compressibility of all liquids 
shows that their particles are much more crowded than those of 
gases. 'I'herefore, the mutual attraction between the particles is 
much more manifest and keeps them from flying apart. This accounts 
for the constancy of the volume of liquids. However, these forces 
arc not large enough to keep the particles fixed. Liquids spread 
under the influence of gravity and thus have no shape of their own, 
alway^s taking the shape of the vessel they occupy. Only when in 
very small quantities (drops) are liquids capable of retaining their 
own shape. Due to their incessant motion the mutual arrangement 
of the particles of a liquid is ahvays changing and is generally just 
as unorderlj^ as in a gas. 

Solids, contrary to liquids and gases, have a definite, independent 
shai)e and retain it regardless of their position. The particles of a 
solid are so rigidly connected to one another that they cannot move 
from place to place. True, even in solids the particles retain some 
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motion, but in this case it is ot the character of minute vibrations 
about definite points. 

From this brief revicAv of the properties of substance in its various 
states it follows directly that the particles forming a substance can 
be expected to have a regular arrangement only in the solid state. 

50. Crystalline and Amorphous Substances. Most solids are crystalline 
in structure. This can easily be verified by breaking a ])iccc of substance 
and examining its fracture. I^sually (for example in sugar, sulphur, 
metals) tiny crystalline faces at various angles to each other can 
easily l)e detected on the fracture sparkling due to various reflection 
of light. If the crystals are ver> small tho crystalline structure of 
the substance can be established 
by means of a microscope. There 
are solid substances whose fracture 
gives no indications of crystals. 
i'\)r example, if we break a ])iece of 
ordinary glass, its fracture will be 
found to be smooth and bounded, 
unlike the fractures of ciystalline 
substances, by curved ijistcad of 
plane surfaces. A similar picture 
is observed if pieces of pitch, glue 
and certain other substances are 39. Forms t)r rrystals 

broken. All such substances are cormnon 8«U; 6-alun> c--saitpotr 

called amorphous (i.e., formless). 

Each crystalline substance usually gives crystals of quite a definite 
form. For instance, common salt crystallizes in the form of cubes 
(Fig. 39a), alum as octahedrons (Fig. 39b), saltpetre as prisms 
(Fig. 39c), etc. C'lystalliiie form is one of the characteristic properties 
of substances. 

The classification of crystalline forms is based on determination 
of the degree of symmetry of crystals. Various cases of sjmimetry 
of crystalline polyhedrons are discussed in detail in books on crystallo¬ 
graphy. It will suffice here to mention that all the varieties of crystal¬ 
line forms can be classed into six groups or crystal systems, which in 
their turn are subdivided into classes. These systems are known 
as: 1) regular (cubic), 2) tetragonal or rectangular, 3) orthorhombic, 
4) hexagonal, 5) monoclinic and 0) triclinic. 

The system a crystal belongs to is determined by the relative 
arrangement of its crystallographic axes (coordinate axes drawn 
in a definite fashion within the crystal) and by the length of the 
intercepts of their faces. 

Fig. 40 shows the simplest crystal forms, the prisms and pyramids 
of the various systems. 

In crystals of the regular sytitem all three crj^stallographic axes, 
shown in Fig. 40 by bold lines, are at right angles to each other and 
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the ijiteree|)ts of th(Mr ervstal faces are c(|ual in length. TJjis system 
hiclndes the most symmetrical forms, such as enhe, octahedron, etc. 

]n crystals of the* fvtmt/onal ^v//,s7r/y/ th(' crystallographic? axes are 
also at rigid angles to each other; of the three interce])ts of the faces 
two are ecpial in length, Avhile the third is shorter or longer. (Vystals 



Prism Pyramid Prism Pyramid 

I Regular (Cubic) 11. Tetragonal 



m. Orthorhombic IV. Hexagonal 


K Monoclinic V/. Triclinic 

t’ij.:’. 10 . Crxslal .kv.siciiis 

of t he tetragonal systejn ar<^ srimewhat less s\'mmetrical; they are 
nsnally drawn out in one din^ction. 

The orthorhomhic sysUnt is characterized by three axes at right 
angles and by niuMjnal lengths of the intercej)ts on these axes. This 
system received its name from the fact that crystals i)elonging to 
it often have rhombic; cj-oss-sections. 

The hexagonal sydem differs from all the rest in its having fonr 
axes, three of whic;h are in the same plane and inclined to each other 
at ecpial angles; the fourth axis is per])endicular to the first three; 
the interc*e])ts c)n the axc\s in the same plane are ecjual. 1'he cross- 
section of such crystals is often a hexagon. 
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(Jiystals of tlio monocUnic syMem have tlirc^o cn stallograjihie axes, 
one of AvJiich is j)er])en(lieuJar to the otht?r two, the latter forming 
an oblique angle. The inter(^e])ts of the axes are of unequal length. 
Crystals of tins system are juueh less symmetrical than those of 
the foregoing systems. TUvy can be divided into two symmetrical 
lialves only l>y one; ])lane. The greatest number of all the crystals 
investigated (above 42 ])er cent) belong to the monoclinic 
system. 

The triclinic ,sysfenf is characterized by three axes at diflerent 
angles to one another and by differemt lengths of the interce|)ts 
on these axes. The forms belonging to this system are very diverse 
and the least symmetrical. 

Natural ciystals, as well as crystals obtained by artilicial Jiunins. 
raTcly correspond exactly t(» the forms shown in Fig. 40. Usually 
during tln^ solidification of a melted substance the crystals 
grow together and thus turn out to Im? incom])lete. When a solid 
substance is crystallized out of solution the result is also mostly 
irregular crystals, distorted due to non-uniform growth during crystal¬ 
lization. However, no matt(M‘ h(»w unevenly the crystal has developed, 
no matter how its shape is distorted, the angle between the faces 
of a crystal of any definite substance is always constant. This is 
one of the fundamental laws of crystallography, known as the Law 
ot* (Constancy ol* Interlacial Angles. Therefore, b\^ the value of the 
interfacial angk's in a crystal we can always establisli its crystalline 
system and the class to which the ciAstal belongs. 

A tliorou^h slialy of the* ])roperlios of <*rvst{illiru‘ sul;)sluiict‘s bus shown that 
]) 0 (Milia.nti('s arc not confiiu'd in('r(*l>' 1o ('x1(‘rnal form. Altlioii^h th(* kuI)- 
stance in crystal is hoinoj»:cncoiis, main of its physical proporti(*s, such 

as (cohesion, thermal conductivity, 
alliludi’ towards light, etc., arc not 
always nianih^stcd idi'iiticully in 
various directions insider thccrystal: 
ill other words, the ]>ro]M‘rtics of 
a crystal arc vectorial.* 

For instance, if wc cut. two 
bars of cipial thierkness from a 
cubic crystal of common salt, one 
at right anglt's to the faces of the 
CMibo (sec Fig. 41a), the other along 
the diagonal of one of its faces 
(see Fig. 41b), and test the tensile 
strength of these bars, we shall 
find that if the first- bar can be 
ruptured liy force of 1 kg., thi' 
si^cond bar wall recpiiro a force 
of 2.5 kg. to rupture it. Obviously, in crystals of common salt the cohesion 
between particles in the direction perpendicular to the cube faces is two and 
a half times less than in the direction of the diagonals. 

A vr»ctor is a value depending on the direction. 




Fig. 41. liars cut out of crystals of 
common salt 

a —at niij?K\s lo riibo fact's; b —diagonally 

to ono of the cube faces 
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In many crystals the difference between the cohesion in various directions is 
so great that when struck or broken they split along planes jx>rpendicular to 
those in which the cohesion is the smallest. This i)roperty of crystals is called 
cleavage. A good example (ff cleavage are mica crystals which split, as is com¬ 
monly known, into very tliiii flakes. 

The attitude of crystals towards light is alscj an interesting point. In crystals 
of the regular system light is propagate<l in all directions at the same rate; 
in crystals of all the other systems the velocity of light varies, depending on 
the direction. 

A similar relation is observed with regard to thermal conductivity. If, for 
instaiico, a j)late of mica is covc^nnl with a layer of wax and then touched wMtli 
the sharp point of a hot metal rod, the w^ax around the point will begin to melt, 
soon forming an ellipse-shaped melted spot (Fig. 42). This cxporimeiit shows 
that the' mica plate conducts heat in (lifferent din'ctions at different rates. 
Thus, one of the important jxn'uliarities of crystalline substances is the veetor- 
iality of their properties. 


The difference between crystalline and amorphous substances is 
especially ])ronounced in their attitude towards heating. While each 
crystalline substance melts at a strictly definite temperat ure and passes 
back from the liquid to the solid state at the same 

■ temperature, amorphous substances have no constant 
melting ])oint. When an amorphous substance is heated 
it gradually softens, then begins to flow and Anally 
becomes quite liquid. Upon cooling it hardens just 
as gradually. It is imi)ossible to establish the moment 
of transition of an amorphous substance from one state 
into the other. 

Amor])hous substances have another peculiarity 
related to the absence of a constant melting point: 
many of them are fluid just like liquids, i.e., arc 
capable of gradually] changing their shape under the 
prolonged influence of comparatively small forces. Foi' 
instance, a j)iece of pitch placed on a flat surface in 
a warm room will flow in several weeks and acquire 
the shape of a disk; a glass tube supported by the ends gradually sags, 
etc. The internal structure of aTnor])hous substances is also similar 
to that of liquids. Tt is characterized by an unorderly arrangement 
of its molecules. For this reason, amorphous substances are now 
regarded as liquids whose viscosity increases greatly upon cooling. 
Only crystalline substances are considered solids. 

In conclusion it should be noted that one and the same substance 


Fig. 42. Plate 
of miea euaied 
with wax 


may be both crystalline and amorphous, depending on the conditions 
under which it passes into the solid state. In nature, for instance, 
silicon dioxide SiOg occurs as well-formed crystals of the mineral 
quartz (Fig. 43), but is found also in the amorphous state (the mineral 
flint). If glass is repeatedly heated and cooled slowly it passes from 
the amorphous state to the crystalline or, as we say, it “devitrifies”; 
such typically amor])hous substances as glue have been obtained 
in distinctly crystalline form, etc. 
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51. IiiteiTial Structure of Crystals. .11 was assumed loug since that- 
the external form of a crystal is but a reflection of its concealed 
internal structure, being due to regular arrangement of its ])articles- 
the molecules or atoms making up the crystal -at strictly definite 
])oints of space.* All these points taken together make up a so-called 
space (crystal) laitice of one form or another, which is the geometrical 
expression of the structure of a crystalline 
substance (Fig. 44). The points at which the 
particles are arranged are called lafiice points. 

The truth of these conce])tions was ])rove(l 
comparatively recently, only after it was 
established that X-rays are deflected upon 
passing tlirough a crystal and that the 
arrangement of the yjarticles in the crystal 
can be judged by the extent of their de¬ 
flection. After that very accurate and con¬ 
venient methods of investigating crystals by 
means of X-rays were dcneloped, and these 
methods are now widely used at research 
laboratories and industrial plants, especially 
in the field of metallurgy. 

The use of X-rays for the study of crystals 
made it possible to determine the character 
of the space lattices of niany crystals. An im- 
portant result of these studies was the discovery that the lattice 
points oj many complex substances (for instance salts) are occupied by 
separate positively and imjativel/y cJiarged ions and not by molecules. 

In this connection four main types of lat¬ 
tices are distinguished: molecular, atomic, ionic; 
and metallic. 

Molecular lattices are distinguished by the 
fact that their points arc occupied by mole¬ 
cules. Such lattices are formed by com¬ 
pounds of non-polar or slightly ])olar t>T:)es 
and generally by compounds wdth atomic 
bonds. 

The structural units of the alomic lattice 
are neutral atoms, covalent!}^ linked together. 

Lattices of this type are })eculiar to certain 
simple substances, such as diamonds. 

Ionic lattices, in which positive and negative ions alternate in the 
lattice points, are characteristic of compounds of ionic build; they 
include almost all the salts, many oxides and some other substances. 






Fig. 44. Space lattice 


* This idea was put h>rth by M. Lomonosov iu liis work “On the Birlli 
of Saltpetre” (1749). 
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MetaJlic lalficin are of a s|)eeial stniciure. 'fho points of such lattices 
are occupied by positive ions instead of neutral atoms, with free, 
very mobile electrons in the spaces between them. Metfallic latti(H>s 
will be dealt with in greater detail wheji considering metals. 

The difference between molecular, atomic and ionic lattices is not 
(uily due to the ty})e of ]>articles in them but to the nature of their 
interaction as w(^ll. Tlie Coulomb forces acting between ])ositively 
and negatively (^barged ions in ionic structures give rise to a much 
stronger bond between the ]>articles than the forces linking ele(;ti i(ially 
neutral atoms and molecules. That is why t\w melting |)oint an<l hard¬ 
ness of ionic (‘ompounds are usually much higher than those of 
substances made up of ])olar or non polar molecules. 

The strength of the bond between the ])arti(;les fornnng a crystal 
is characterized by the work that has to be done to destroy the lattic(> 
and to remove its constituent ])articles to such distances from oiu' 
another at which their interaction is negligible. This work is called 
the energy of the crjislal lattice. It is referred to one moh' of snbstanci* 
and is expi‘€‘ssed in large calories. 

Thus, for instance, to decompose one mole of Xa( 1 into free gaseous 
ions JSo Cal. must bo expended; 

[Xa(1| -- [Xa] i |(1| - l<sr) Cal. 

Obviousl}', during the formation of one mole of XaCl from free 
gaseous ions the same amount of energy should be liberated. 

The physical ])ro])erties of a solid are in close relation to its (;rystal 
lattice type, i.e., to the type and nature of the bond between its 
structural units. This relation is shown in Table 8. 

Lattices may be very diverse in structure. The least ])art of a lattict^ 
which still retains all the characteristic features of its structure is 
called a unit cell. In the general case this cell is in the sha})e of a. 
parallelepiped and contains a delinite number of ])aiticles. The entire 
crystal consists of a huge number of such cells adjacent to one anothei*. 
Just as when bricks are laid next to one another the external sha])e 
of the building docs not necessarily repeat the sha])e of the brick, 
so in the case of the crystal its shape does not at all necessarily deter¬ 
mine the form of its unit cell. However, the form of the unit cell can 
be judged by the nature of its crystallographic axes. 

(Crystal lattices belonging to the regular system, in which the unit 
cell is a cube, have the simplest structure. 

Fig. 45 shows part of tlie cubic lattice of sodium chloride Na(L 
namely, its unit cell, cut out of a crystal to give an idea of how its 
ions are arranged inside the crystal. The chloride and sodium ions 
are situated at the lattice ])oints in such a way that each chloride 
ion is surrounded by six sodium ions and each sodium ion by six 
chloride ions. This will easily be seen if we imagine the lattice continued 
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in all (lirections. It, is a <;liaracteristic feature' that the sodium and 
cliloride ions are not connected to one anotlu'r l)y ])airs; there is 
nothing in the crystal which might corre¬ 
spond to a Na(’l molecule. The crystals of m -q _^ 

other salts are of a similar stnictun^. Hence, ^ 

it follows that the con(^e|)tion of molecules - 0 ~—' 

of gaseous substances, which has a strictly n * - ^ i 

dehnite meaning in chemistry, is inappli- Y ; ^ 


ionic iattic(\s. 

In considering the structure of salts and 
other compounds forming ionic lattices, we 
involuntarily begin to Avonder whether tlu'se 
compounds can exist as molecules at all, 
seeing that their crystals consist of ions. In 
this connection it should b(‘ |)ointed out that 
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(letermiiiatioii of tlie vapour densities of various salts ai liigh temper¬ 
atures shows that these vapours consist of molecules and not of ions. 

A very important value characterizing crystals is the lattice constant 
d, indicating the least distance betw^cen the centres of two adjacent 
particles in the unit cell and determined usualJy by X-ray methods. 
The lattice constant of a cubic lattice can easily be calculated if the 


edge length of the unit cube is known. For instance, the edge length a 
of the cube of a sodium chloride crystal, determined by X-ray methods, 
equals r).628 Angstrom units, while the least distance between 
the sodium and cTiloride ions equals half this value, i.e., d -- 2.814 
Angstrom units. 

52. Deterinination of Radii of Atoms and Ions. The use of X-rays 
in the study of crystals makes it j)ossible not only to establish the 



inner structure of tlu? latter, but to determine 
the size of the atoms or io7is forming the 
crystal as well. 

To make these calculations clear, sup])ose tlie 
])articles constituting the cr}\stal are spherical 
in shape and contact each other. It may then 
be considered that the distance between the 


Fig. 46. A(ljHC(.*iit centres of two adjacent ])articles equals t he 
particles in crystal sum of their radii (Fig. 40). If the particles are 
atoms of a simple substance, the radius of an 
atom can be determined by measuring the distance between them, 
and will obviously be equal to one half the distance found. For instance, 
if we know that the lattice constant d of a metallic sodium crystal 
equals 3.72 Angstrom units, we can find that the radius of a sodium 

atom r - 1.80 Angstrom units. 


Determination of the radii of various ions is somewhat more com¬ 
plicated. In this case, the distance bet\veen the ions can no longer 
be divided in half, as the sizes of the ions arc different, ihit if 
the radius of one of the ions is known, the radius of the other 1*2 
can easily be found by subtraction: — d — r^. 

Hence, it follows that to calculate the radii of various ions from 
their cry^stal lattice constants w^e must know the radius of at least 
one ion. Then there is no difficulty in determining the radii of all the 
rest of the ions. 

The radii of fluoride and oxide ions (F“ and 0 ) have been deter¬ 

mined quite accurately by optical methods, and have been found 
to equal, respectively, 1.33 A and 1.32 A; these radii serve as the initial 
values for calculation of the radii of other ions. Thus, for instance, 
the lattice constant of magnesium oxide MgO w^as found to be 2.1 
Angstrom units. Subtracting the radius of the oxide ion, we find that of 
the magnesium ion: 


2.1 -1.32-0.78 A 
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The lattice constant of sodium fluoride ecjuals 2.31 A: since the 
radius of the Ihioride ion is 1,33 Angstrom units, the radius (;f the 
sodium ion must be: 

A 

Knowing the radius of the sodium ion and the lattice constant 
of sodium l•hIo^d(^ we can easily calculate the radius of tlic chloride 
ion, etc. 

In this way. the ladii of almost all atoms and ions luive been deter- 
min(*d. 

1 'able h gives a general idea of the magnitude of these values. 

Hicse data show that the atoniic radii of the metals arc larger 
than tho.s(‘ of tluur ions: with non-metals tlie opposite is true, the 
radii of the ions Ixung largcu* than those of the atoms. 

How(‘V(u*. th(^ ionic radius values determined by X-ray measurement 
cannot be consiriered the true rarlii of the ions. Ions in crystals do 
not touch one another, but remain fixed at a certain distance from 
(‘ach otlicr. at which tlie attraction and repulsion forces acting between 
tluMu arc" balanced. Therefore", ionic radii dc"termined by X-ray methods 
are known as apparnif or ( fferfirr radii', thc\v show only how ("lose 
thc" c-(‘n1i'(‘s of the ions can a])]>roach one another in the" fbrmati»)n of 
crystals. 
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Similarly, if the crystal coiisist;s of uncharged atoms, we find the 
(ffcctive atomic, radii. 
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Since the effective riulii luusf be upproxiniilto/v proportional to the 
tvue rat\n, they can he used successfully to csplditi innii} of the 
)4ropcYt\es of atoms and ions. 

In sonic oft he simplest eases thcradii ufiitoins or ions can be calciilat ed 
from the specific gravity of the solid substance. 

The relative size of the ions forming a crystal greatly influences 
t)ie stniet iire of the spac^e lattice. I^Y)r instance. (-sCI and Na( T though 
very similar cliemically. ne\ ertheless form lattices of different tV])es, 

( ach positive ion in tlie first eompoiind being surrounded by eight 
iK^gative ions, aiui in the second compound only hy six. This difference 
is due to the difh^rerure in size of caesium and sodium ions. Certain 
considerations lead us to assume tliat the ions in a crystal must be 
arranged in such a way that cadi smaller sized ion fills the space 
betweem the largei* ions, surrounding it as connpletcly as ])ossihle, 
and vice versa; in other words, the negative ions, which are almost 
always larger than tli(‘ positive, should b(' gatliered as elosely as 
possible around the ])Ositive ions; otlierwise the system would Ix^ 
unstable. Since the radius of the (caesium ion (\s^ equals 1.00 A, 
and that of tlu^ sodium ion Na only (fUsA, more (T ions can 
gatli(‘r around the iirst thaTi around the .second. 

The number of negative ions surrounding each positive ion in a 
crystal is called the coordiiiatioi) number of the Iattic(‘. A study 
of tli(' structure of various crystals sliows the following (‘oordination 
numbers to he the most common: 2, 3. 4. (>, S and 12. 

'I’lic (‘oordination nmnlKr dc'pcnds on Iho ratio Ix'twcc-n th(^ I’adii of tin* 
positive and ne;j:ativ<‘ ions: tli(‘ iieanT ibis ratio i.s to unity, th(‘ larg(‘r t h(‘ (•(»- 
(Ji-dination iiuinlx'r. If \vr regard the i(»ns as spla i*('s arrang«'d iji tlx* (crystal 
so as to attain the d(‘iLsest jan’king possible', w(' ean ealeiilatc* th(‘ coordination 
jmniber for each l■^ldius ratio Ix-twef'ii llie ]H)siti\(‘ and ne'gative ions. 

'the niaxiinmii coordination ninnlx'rs eal(*nlMli*d tla‘(a‘e1 ieally h»r sevci’a! 
T-adius ratio.s ai'«‘ gi\'en l.‘el(jv\ : 


Uadiiis ratio 


(NiordiiiMtion niiiiitior 


0.15 to (Kli i 3 

0.2:U() 0.41 4 

0.41 to O.T.'l 0 

o.7:itol.oo s 


It tan easily ))(' s<M’n that the eoordinalioii nninbers found ])y ttjis tabk^ 
for \a(4 and (\s(’l eo»‘?’es])(me! exactly to the actual arrangement of ions in 
the crNslals of th('se suhslanees. 

For instance', in the case of Xa(4 the. ratio of the rtidius of llu* srx’imn ion 
(0.‘)S,\) to that (»f th(' eliloride io.n (l.Sl A) etjuals O.OSrl.Sl 0.54. This ratio 
is in tIx' range' 0.4 I to 0.7.4; heir***, the' e*onrelijuiti<»n nnmbeT in the* Xa('l lattiev 
must he' e'(^]iial to six. 

53. Isomorphism. Some substances of similar chemical nature, 
though different in eonqmsition. give crystals of exactly the same 



r,:i. 1S()M()K1*HISM 


147 


form, characterized by identical or almost identical space lattice 
constants. Such substances are called isomorphoiis (i.e., possessing 
the same form) and the phenomenon of the formation of identical 
(jrystals by substances having different com])ositions is called iso¬ 
morphism. 

A characteristic feature of isomorphoiis substances is their ability 
to crystallize jointly out of solution to form so-called mixed crystals. 
'J'ho lattej* contain variable quantities of the initial substances, depend¬ 
ing on the concenti-ation of each in the 
solution. Of course, other substances 
absolutely unakin to each other may 
also crystallize simultaneously from 
solution, but in this case the result will 
not be mixed crystals l)ut a mechanical 
mixtun? of pure crystals of each of 
tlie substances present in the solution. 

A ty])ical example of isomorphoiis 
substances arc the various alums, 
double salts ofsul])huric acid containing 
one univalent and one trivalent metal. 

If w(‘ dissolve a mixture of colourless aluminium alum, KAl (S 04 ) 2 * 
12 HoO, and intensively violet-coloured chrome alum. K(V ( 804 ) 2 - 
12 H 2 O (I^"ig. 47), in water and leave the solution to crystallize, mixed 
crystals will result containing both kinds of alum and having a ])ale 
oj* deep pur])le colour, depending on the ])roportion of the alums 
dissolved. Since mixed crystals arc quite homogiuieous, though of 
variaini^ (u)m|)ositinn, they are known also as solid solufions. 

Another examph' of isomorphoiis sulistances are the salts K(J 104 
and KIM 1104 . which form crystals in the orthorhombic system with 
almost identical corresponding angles between their faces. Many 
sulphate salts of bivalent metals containing equal numbers of 
molecules of hydration water are also isomorphoiis, for instance: 
Mg 8()4 -7 H./), ZnSOj ^HoO, NiS 04 - 7 H 20 . Isomorphism is rather 
widespread among minerals as well. For instance, galena PbS and 
silver glance AggS are isomorphoiis: natural galena crystals often 
contain AggS, i.e., are essentially mixed crystals or solid solutions. 

If a green crystal of nickel sulphate NiS 04 *7 HgO is suspended 
by a tliread in a saturated solution of magnesium sulphate, these 
two compounds being isomorphoiis, the crystal will continue to grow 
in the solution and will become covered with a layer of colourless 
MgS ()4 -7 HgO, just as if it were gi'owing in a solution of nickel sul¬ 
phate. The growth of the crystals of one substance in the solution 
of another is a very characteristic feature of isomorphoiis substances. 

The })henoTnejion of isomorphism was discovered in 1S19 by the (Jermau 
eht'mist Mitscherlich, who noticed that salts of phosphoric and arsenic acids 
containing ef|iial (]uantities of water of hydration, such as Xa 2 HAs() 4-12 Hot) 
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and Nh^H 1*04 • 12 Hliavc' almost idoiiti<*al erystaJ forms. Milscliorlich ob- 
sorvod the samo ])li<‘rM)mi'Mon in tin' rasp of olhrr salts of similar 1 vp(\s and (*ainn 
to the poncliision tliat substam-ps pontaininjj: equal mnnbers of atoms in their 
molppuli'S and similar i?i phemical pro]M‘rti<\s for?n ideiiti<*al (aystal forms. 

"riip dis(*over\' of isoTnorphism })hive<l an important (lart in its time for the 
determinat ion of the atomic w«*ijrhts of some oi‘ th(‘ (‘l(Mn(‘iits. Since, aceordiiif; 
to ■Mitsc]jerli(*h, isomorphons substance's should cotitain <‘(]ual numlx'rs of atoms 
in their molecule's. th('n, knovviriix the* formula of one of a pair of isomorphons 
sid.)stances we* can dc'te'rmine ilu' formula of th(‘ otht'r, pr’ovideel the' c()m]>e)sition 
e)f the latte'i* has be'e'n ascei'taineel. For instane'c, from the* Hie-t that ])e)tassium 
sulfdiate' K.>()^ and p>)tassium sele'nati' are iseunorphous, Milse*ht>rlicl» e^oiie-ludesl 
that the formula of the* latter is K^Se.‘() 4 . Kne)win^ the' jua-e'C'iita^e' e*ompe)sition 
of potassium se*le'nate, Mitse'lu'rlie-ti founel the* atomies we'i^ht e^f se'le'iiium. On 
the' basis etf the' isomorphism of aluminium salts v\ith salts of ferrie* oxiele', 
the'formula of which is Ft'^().{. it was e^(»ne*luele*d iluit the lormulaol'aluminium 
oxide' nnist be' AhO.j. On the^ basis of this formula anel the' e*ompe)sit ion eef 
aluminium e)xide' it was e'sta))lishi'el that the- atomic v\e'ieht e>r almninium 
e'quals 27. 

The (‘xpJaiuitioii of isonioj-phisin and tlu^ formation of tnixed 
erystals is that atoms or ions of approxinuitely etpial size and with 
etjual eharges ean siibstilnte one anotlier in the (Tvstal lattice without 
affecting it.s stability. The nature of tlu^ latti(?e d(‘])ends to a c'on- 
siderable extent on the size of the ions constituting it. Hence, it is 
not surprising that, for instance, l\( ‘l and KBr have almost identical 
lattices, since tlu^ radii of chloride and bromide ions are (piit(‘ clos(' 
to one another (J,8I A and l.Ob A, res|)cctively). When dissolved in 
water. lh(' ci-ystals of IvCl and K Bi* break ii[) into se|)ai*ate ions (see 
(‘hapter XII). Idierefore, a mixture of the solutions of both salts 
contains K , (T and Br ions. If water is evaporated from such a 
soJntioii crystallization will set in at a certain monumt: th(‘ ions 
recombine to form crystals, both jK‘gative ions Cl and Ih* taking 
l)art simultaneously in the building of each crystal. The result will 
be mixed crystals containing both Cl and Br ions (or, whicli is 
the same, KCI and KBr) in quantities <lepending on their relative 
contents in the solution. Thus, by varying the relative amounts of 
KCI and KBr in the solution, we can achieve a continuous transition 
fi-om crystals consisting only of ]K)tassium (ddoride to crystals con¬ 
sisting only of ])otassiuin bromide. 

Ions with very different radii cannot substitute one anothei* in 
crystals. For instance, sodium chloride and potassium chloride luive 
lattices of the same type and are very similar chemically, but do not 
form mixed crystals because the radius of tlie ])otassiuni ion (l..‘J3 A) 
is much larger tlian that of the sodium ion (d.bll A), and their lattices 
constants are absolutely different. Therefore, sodium (;hloride and 
potassium chloride are not isoraor]>lioiis. 

^riiiis, isomorj)hism consists in the fact that ccirtain chemically 
similar substances form crystals of exactly identical form. The opf)osite 
phenomenon, when one and the same substance, depending on the 
conditions, crystallizes in different forms is called polymorphism, and 
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substances ])Ossessing these ])ro])erties are called polyriiorphous. Each 
(crystal form of a |)olymorphous substance is stable only within a 
definite range of tem])eratures and j)ressures. 

A good example of polymorphous substances is sulphur. When 
melted sulj)hur solidifies slowly, long needk^-Iike or prismatic crystals 
of the monoclinic system result. However, these crystals can exist 
for a long time ojily at temixTatures above at lower tempera¬ 

tures they gradually chang(‘ into the orthorhombic crystals of which 
jiatural sulphur consists. In their turn, if the orthorhombic crystals 
are heatcul sIoavIv above fifi 'C - they change iiito monoclinic crystals 
(see § 120). 

There are also many salts Mhi(^h can crystallize in various systems. 
For instance, at ordinary tem])eratures ammonium nitrate forms 
ci*ystals in the orthorhombic system; above C these crystals 
absorb heat and change into crystals of one of the classes of the 
hexagonal system, and above 125^’(\ into crystals of the re^igular 
system. 

The })henomenon of ])olym()rphism is wides|)read in nature. For 
instaj]ce, titanium dioxide TiOo occurs as the minerals rutile, lu’ookite 
and anatase of different crystal structure; calcium carbonate forms 
the minerals: calcite, crystallizing in the hexagonal system, and 
aragonite, which belongs to the orthorhombic system, etc. 



( HAPTKR VII 

1) i: V i: L 0 V M i: > r o v r ii i: p p u i o i) i v i \ w 

All the thoorips of atomic stnictnre and chemical valency, beginnin.ix 
with the theories of Mntlierford and Bohr, are grounded directl\' or 
indiiectly on Mendeleyev's IVri(Mlic Ta})le. Howev(T. the reverse is 
also tine. The lacds and relationships disco\'ered in the |»rocess of 
the ex|)(nimental and theoretical study of atomic structnn^ havc^ 
made it ])ossil)le to get a deeper insight into the Periodic I^aw and 
the ])eriodic system of elements. 

From the piesent-day ])oint of view Mendeleyev's Table gives a 
natural classitiiiation of the chemical elements, based on the struct ure 
of the electron shells of their atoms. Therefore, to aiipreciate the great 
importanc(M)f the JVriodic Table for chemistry, we must consider the 
electron sti u(^tur(‘s of all the elements in greater detail, as well as the 
deterininant influence of these struct ur(\s on their chemical ])rop<'rties. 
Furthermore, we must establish the relation between the positions 
of the elements in the l^^riodic Table and the structure of their atoms 
and ascertain the structural peculiarities of the atoms of the elements 
of the even and odd s(*ries. Finally- we must become better acquaint¬ 
ed with the plienomenon of isotojiy and w ith the modern deli nit ion 
of the concept “chemical element.'" 

51 . Atomic Niinihers of the Eleineiits. In discussing the theory of 
atomic structure we mentioned the relationshi|) between the X-ray 
s])ectra of the elements and their atomic numbers. An inv(\stigation 
of this relationship led to the conclusion that the atomic number, 
determined by the jiosition of the clement in the JPeriodic Table, 
is one of the most irnjiortant constants of the element, showing the 
number of positive charges on the nucleus of its atom. The nuclear 
charges on the atoms of all the elements were determined l)y means 
of X-ray spectra. The results of these determinations showed that 
in the Periodic Table the elements are arranged in strict sequence hi 
order of increasing charges on the nuclei of their atoms. 

This discovery was additional proof of the correctness of the 
Periodic Table. At the same time, it removed the apxiarent 
contradiction in Mendeleyev’s system, namely, the fact that some 
elements with higher atomic w^eights had been placed before 
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other elements vvitJi lower atomic weights (tellurium and iodine, 
argon and potassium, cobalt and nickel). 'Fhere i)rovcd to be 
no contradiction at all, as the f)osition of each element in the 
Table is not determined by its atomic weiglit but by the charge on 
its atomic nucleus. Evaluation of the nuclear charges of tolluriuiu 
and iodine showed that the charge on the first equalled 52 and on 
the second 5:i, so that tellurium should actually be before iodine, 
despite its greater atomic weight. Similarly, the nuclear charges of 
argon and potassium, nickel and cobalt were found to be in full 
agreement with the sequence of their arrangement in tlie Table. 

Thus, the charge on the atomic nucleus is the basic value on which 
all th(‘ pr()])erties of any element, as well as its position in the Periodic 
Table, depend. Thc'refore .Mendeleyev’s Periodic laiw is now foiinu- 
lated as follows: 

I Thv propertit^.s of the (If tneyils arc a p^'todU' l!nv:il.on of the mu'leay 
rhffr<f(s OH their otouhH. 

The evaluation of the atomic numl)ers of tlie ekunents from their 
X-ray si)ectra was very important in one jnore r(\s|)ect. It made it 
possible to establish the total number of positions in the Periodic 
1’able between hydrogen, the atomic number of v\'hich is one. and 
uranium (atomic number 02). which at tliat time was considered the 
last member in th(^ Periodic Table. When the theory of atomic? 
structure was hi its initial stage of devek)])ment, tlie ])ositions 45. 
(vl, 72, 75. S5, and S7 remained unoccu|)icd. indicating the iiossibh^ 
existence of still undiscovered elements. Indeed, in P.)22 a. mwv element 
hafnium was discovered which occu])ied the 72nd position: then, in 
P.)25 the 75th position was filled with the element rhenium. As to 
the elements which were to occiqiy the remaining four blank positions 
in the Table, it must be said that des])ite several communications 
in literature as to their discovery, there is no relialile ])roof of the 
existence of these elements in nature. Lately, liovvcn^er, all four ele¬ 
ments were produced artiticially and their cliemical properties studied, 
in spite of the fact that the quantities obtained did not exceed lO 
to 10 gr. The new^ elements Avere called: ti'clmetium (No. 45), 
promethhim (No. (>1), astatme (No. S5) and jrancAuni (No. 87). Thus, 
it may be considered that at present all the jiositions in the Periodic 
Table between hydrogen and uranium are filled. 

However, the periodic system itself is not com])lete, as is evident 
from the discovery of the so-called transuranium elements, i.e., 
elements following uranium according to the nuclear charge on 
their atoms. These elements will be discussed in greater detail in 

The substitution of atomic weights for nuclear charges or atomic 
numbers not only failed to break up the system, but, on the contrary. 
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made it even stronger. At the same time, the sequence of elements 
established by Mendeleyev remained unaltered, as it Avas in full 
agr(?ement AAith llie neAv basis of the system, namely the charges on 
the atomic nuclei. 

55. Eleetroiiie Structure ot Atoms and the Feriodic IjUAV. The 
gradation in |)roj)erties from element to (‘hmient, as well as the 
seeming irregularities in the l\>riodic Table (such as the unequal 
numbers of elements in the ])eriods, the close similarity of the fourteen 
so-called rare-earth elements and others), are consequences of the 
change in structure of the electron sludls of the atoms. Therefore, 
before proceeding any further we must become acquainted Avith the 
arrangement of electrons in the atoms of all the chemical element.s 
and see by Table 10 hoAv the electron layers gi*OAV and are grad¬ 
ually tilled AAith electrons as the atomic numbers of the elements 
increase. 

In Chapter IV we discus.sed the arrangement of the electrons in 
the atoms of the first eighteen elements of the Periodic Table, i.e., 
the elements of the three short ])eriods. and examined the schemes 
of their atomic structure (Fig. -7). It will be remcunbered that the 
eI(‘(^tron layers in tli(‘ atoms of these elements AAcre tilled up regularly 
Avith increasing atomic numbers: each subseipient element acjcpiired 
one additional electron in its outer layer, or if that layer Avas already 
full, the new electron began the next Jayer. Thus, in the eighteentii 
element, argon, the first or K layer contains tAA^o electrons, the second, 
L layer, eiglit electrons and the third, M layer, also eight electrons; 
this information may be briefly recorded as folloAvs: 

K L J/,* 

I 0 s j 

Spectroscopic data shoAV that the electron layers of the atoms of 
long period elements ai*e filled in a more complex manner (see Table H)). 

As the limit number of electrons in the outer layer equals eight, 
the first element of the fourth period, namely, potassium (No. 19), 
acquires a ncAV layer, N, Avith one electron, although the M layer 
is caj)able of holding eighteen electrons. 

In the calcium atom (No. 20) one more electron is added to the 
N layer. Thereupon the addition of electrons to the N layer is tempora¬ 
rily discontiiiiied. 

From scandium (No. 21) to copper (No. 20), whicli marks the 
beginning of the second half of the fourth })eriod, electrons are 
gradually added to the M layer, Avhile the number of electrons in 
the outer, N layer, remains equal to tAvo, and in the atoms of 
chromium and copper even drops to one. 


* The syinbt)! 0 denotes the utoniic*. nucleus. 
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Table 10 (rohtinued) 


j Xumhf^r of 

1*0- Atomic mimher and rnical! electrons in luver 

riotl nuirm of el(‘ment i syin -1 _ 



I iMil i 

1 i 

/v 

L i 

M 

A’ 

o 

f* 

ii 

77. Iridiiiin. 

. I Ir ! 

2 ' 

S ■ 

IS ; 

32 

8 1-7 ■ 

2 


7S. PUitinuin. 

. ; l-t 1 

2 i 

s 

IS ; 

32 

S i 0 ■ 

1 ; 


7a. (lold . 

. ; All I 

! 

^ '■ 

IS ; 

32 

IS 

1 1 


SO. Alercurv. 

. Hpl 

2 ■ 

s ; 

IS ; 

32 

IS : 

2 


Si. 'I"l}ii.llium. 

. : T\ : 

2 

: 

IS 

32 

IS ■ 

3 


H'2. lii'ad. 

. i IM) i 

2 

^ i 

IS : 

32 

18 

1 


S5. . 

. Hi 

2 

S ■ 

IS 

32 

IS 

5 


Si. I\)loiiiuin. 

. Pr> 

2 

s i 

IS 

32 

is 

(> 


S5. Awtatiiu'. 

. At. 

2 

«S j 

IS 

32 

IS 

7 


SO. IL'uInll. 

. Hu 

.> 

s ! 

Is 

32 

IS 

1 

s 


S7. Frinieiiiin . 

. Fr 

2 

i 

s ! 

IS 

32 

IS 

s 

1 

SS. Hinliuiii. 

. Ha ; 

i> 

S : 

IS 

32 

Is 

S : 

•> 

SO. Act ini; un. 

. Ac 

2 : 

s i 

18 

32 

18 

s -t- 1 ^ 

2 

tM). 'I'horiuin . 

. Th 

2 I 

H : 

18 

32 

IS , 

S -i-2 

; 2 

01. Protaclitiiuin , . 

. i\i 

2 ! 

i 

IS 

32 

; IS. 2 

S , I 

2 

02. Praniiim. 

. V 

2 5 

8; 

IS 

32 

; I s , 3 

8 : 1 

2 

Oo. N(‘j)Hiniuin .... 

. Np ^ 

2 ’ 

S i 

1 

IS 

32 

' IS ‘ 5 ! 

S 

2 

04. Plutoiiiimi. 

. Hu ; 

2 ' 

8 : 

IS 

32 

IS i 0 i 

s 

I 2 

05. Ain(‘ri<‘iriin .... 

. Am ; 

2 ' 

8 • 

IS 

32 

■ IS^-7 

s 

> •> 

id), (.'uriinn . 

. (^m 

2 ’ 

8 ; 

IS 

32 

' IS - 7 

s 1 

.■J 

(»7. Hri'kelimii. 

. Hk 

2 1 

8 ‘ 

IS 

32 

IS fO : 

S 

1 

Os. (‘alir(.»niiuin . . . . 

, vr ; 

! 

“ i 

8 i 

IS 

32 

1 IS i 10: 

s 

.■» 

!M1. Kitisl('iiiisiiii . . . 

FU ; 

2 ! 

s I 

IS : 

32 

1 IS 1 11 

s 

! 2 

loO. i'rriniuin. 

. Fin ! 

2 ^ 

8 • 

IS ; 

32 

: IS ! 12 

s 

2 

101. ium . . 

. Mv ' 

2 

8 1 

IS I 

32 

: IS i 13, 

s 

-> 


'I’lie co])])or atom lias eighteen electrons in its JI layer and one 
i'leetron in its X layer 

I K L M N\ 

\ © —2 - 8—18—1 j 

Only now, wlien the M layer is complete (the number of electron 
units liaving reached the limit value), do the electrons begin to 
gradually fill the N layer, until their number in this layer reaches 
eight in the inert gas krypton (No. 36): 

I K L M xVl 

( © —2 — 8—18—8 j 
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The ehctroii layers in the atoms of the fifth period elements 
})ogi?ining with rubidium (No. 37) and ending with tl)e inert gas 
xenon (No. 54) are filled in the same manner as in the atoms of the 
fourth period (see ta})le). I'herefore the structure of the xenf)n 
atom is 

( /{ L M N 0 I 

I © 2 — 8 - 18— 18 — 8 j 

The sixtli ])eriod contains thirty-two elejnents. Hence, between 
xenon (No. 54) and the next inc^rt gas radon (No. 8(>) tliirtv-two 
electrons must be added, 'fheir disti-ibution among the layers tak(\s 
|)Iace in the foJIowing order. A sixth electron laxer P is started in 
(■aesium (No. 55), the next element fifter caesium, barium (No. 50). 
Iiaving two ele(‘trons in its P layer: 

( K M X O P I 

I 0 _2 S - IS 18—S 2 I 

Then, as in the two preceding periods, the building of the outer 
layer is temporarily discontinued and in the elememt lanthanum 
(No. 57) the Jiew electron is added to the O layer: 

( K L M X O P\ 

1©—2 8—18 18 — 0—2) 

Lanthanum is followed by the rare-earth elements (lanthanides), 
in the atoms of these elements the number of electrons in the outer 
layer P remains the same as in barium, but the X layer is built u]> 
to 32 electrons, ending with element No. 70, ytterbium: 

j /v —L -M~X- 0—P I 
I © -2 - 8 18 — 32 -8 — 2 j 

After this, from lutetium (No. 71) to the end of the si.xth period, 
the layers are filled with electrons in the same general order as in 
the two ])re(?eding long periods, the O layer being first built up to 
eighteen electrons (element No. 70), and then only the electrons 
l)eing further added to the P layer, until their number in this layer 
reaches 8 in the inert gas radon (No. 86): 

I K L M N 0 P I 
I ©—2 8 —]8—32—18—8/ 

In the seventh f)ei-iod a new electron layer, the Q layer, is started, 
iind is built up as far as the second member of the period, radium 
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(No. Ill the atom of the next element, actinium, the new electron 
enters the P layer. After thorium the eJe(?trons begin to fill tl)e lower 
lying 0 layer, analogously to the lanthanide atoms in the sixth period. 

Thus, a new electron layer is built up in each |)eriod, and in the 
long periods the internal layers are completed bedsides. Th(M-efor(‘, 
///r (luantitif of electron lafjers in an atom equals the. number of the period 
in nddeh the respective element is situated.'^ 

The establishment of the structure of tlie atomic electron shells 
influenced the very structure of tlie Periodic Table, accounting for 
a number ol clianges in the earlier division of elements into periods. 
In earlier ])eriodic tables tlu' zero group used to be ])la(*ed at the 
left ofgrouf) one, so that eac'li pt‘riod i)egan with an inert gas. hydrogen 
remaining outside of any period. P>ut now it became obvious that 
(‘ach new period should begin with an (‘lenient in which a new electron 
layer first a])f)ears in the form of a single \‘al('n(*v eI(‘cti*on (hydrog('n 
and the alkali metals) and should end with th(‘ (‘lenient in whicii 
that lay(*r contains eight (‘lectrons. forming th(^ highly stable el(‘ctron 
o(ft(‘t chara(d-eristi(^ of the iiunl gas(‘s. This natural (livision of elements 
into ]K‘riods l(‘d to the ai*rangement giv(‘n in the Table on pp. S4~sr). 
in Avhich the zero group is placed after group \’Il at the right-hand 
side of the Table. 

I'lie theory of atomic striudure also solved the ]>roblem of the 
position of tlie rai‘e'(.\irth elements (Nos. oS to 71) in the P(‘riodie 
Table. Owing to theii’ givat similarity tliese eleiiKMits (M)uI( 1 not lie 
(listribut(‘d among tlie various groups. 'Fhe data giviai in 'Fable 10 
show that the differeiu'e betw(M‘n the atoms of these eleiiK'iits li(‘s 
in lh(‘ structui’e of their internal (*lectron layers, while the number 
of ek^ctrons in their out('r lay(‘rs, on ulii(:li tln^ ch(‘mieal juopeities 
of the ekmients chi(‘tly de|>en({, is the same in all. For this reason 
the rare-earth eltmumts (laiithanid(‘s) are now jilaced outside th(‘ 
general Table, tlunr position in Mendeleyev's Talile being indicated 
in the l)ox of element No. 51 (La). 

Ihit the main significance of this tJieory was that it revealed the 
|)hysical sense of the Periodi(? Law which had Ix'en rather vague in 
.Mendeleyev's time. A glance at the table of electron arrangement 
in the atoms of the chemic'al elements will conviiu^e us that as the 
charges on the atomic nuclei increase the same combinations of 
electrons in the outer layer of the atom keep constantly rejieating 
themselv('s. Thus, the p(M’iodic gradation in ])ro])erti(^s of t he cheiuital 
elements is due to ])eriodic returns to the same electron groupings. 

* Th(‘ palladium atom is an (‘xoe])tioii and has only four electron layers, 
there being no el<>etrons in its O layer. 

* * Soni(‘t iines inpn^sent -day tables t h(‘ zero grouj) is eombined with t h(' eight h, 
in which c.as(^ tlie zero group is regarded as th(‘ main subgroup of the eighth 
grou]) while the ek'Tuents of th(' eighth group ]>ro 2 )er are cmisidered to ff>rm a 
S(*coijdary subgrouf). 
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5ti. Dopondmce of (Iio Properties of tlio Elements on the StrueluTi^ 
of Their Atoms. Now we can establish more precisely the dependence 
of the chemical properties of the atoms on the structure of their 
el(»ctron shells. Besides the number of electrons in each atom and 
their arrangement in the layers, we must take into account the 
relative size of the atoms, an idea of which is given in Fig. 4S. 

Fii’st. let us consider the gradation in ])ropcrties through each 
period. As was stated in § 82. within each period (exce|)t the first) 
the metallic ])roj)erties. strongest in the first member of the period. 
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gradually become less pronounced in the subsecjuent members, 
giving way to non'inetallic properties: each ])(Tio(l begins with a 
tyj)ical metal and ends with a typical non-metal, followed ])y an 
inert gas. 

The regular gradation of properties of the elements through the 
piu’iods ca-n be explained as follows. As was indi(;ated above, the most 
(4uiract(eristic featiin^ of metals, from a chemical point of view, is 
the ability of their atoms to jiart readily with their outer electrons 
and become positively charged ions, while non-metals, on the contrary, 
are characterized by the ability to gain electrons, forming negative ions. 

To split an (4('ctron off an atom, making the latter a positive ion, 
a certain amount of energy must be expended; this energy is called 
the nivrgy of ionization and is usually expressed in large calories 
])er gram-atom of the ehmient. 



ri<5. FKOIMCRTIKS OF ELEMENTS AND STIUXTURE OF THEIR ATOMS 151^ 

7'hc energy of iojiization is dctcrmincci by hoiiiharcUng atojiis i’jj 
an elocjtric field with fast electrons. The least field intensity under 
which the velocity of the electrons becomes high enongh to ionize 
the atoms is called the ionization potentiai of the atoms of the element 
in (question and is expressed in volts. 

A simple relation exists l)et\veen the energy of ionization and the 
ionization ])otential, making it ]H)Ssil)le to express the readiness of 
atoms to yield electrons either in large calories ]>er gram-atom or in volts. 

The ionization potential is smallest in the elements at the beginning 
of each i)eriod, i.e., in hydrogen and the alkali metals, and largest 
in the elements (aiding the jKaiod, i.e.. the inert gas(^s. its value 
can s('rve as a measure of the m(‘tailie projieiticvs of the elenuMit: 
the low(‘r the ionization potential, the more easily the (electron (;an 
be split off the atom and therefore the stronger the metallic projierties 
of the element should be. 

The value of tlie ionization potential depends on three fac^lors: 
the charge on the nucleus, the atomic radius and a s])(Haal kind of 
intc'raction betw(‘en the electrons in the ek‘(‘tri(* held of the nucleus 
due to tluhr undulatory properties. Obviously, the Ihghcr the charge 
on the nucleus and the smaller the atomic radius, the strongei- is 
the attraction of the electron to the nucleus and the higher the 
ionization ])otential. 

The nuclear (‘harge of the elements incj*c‘ases gradually from the 
alkali metal to the inert gas of each period, while their atomic* radius 
(h'ciTases. in conse(|uenc.e, the ionization potential gradually grows, 
and the metallic pr(>pertics weaken. The ionization pchentials of the 
inert gases are higher than those of the halog(ms. in spite of the 
fact that the atomic radii of the former aie larger than those* of the 
latter in the same ])eriod. This is due to the strong inlluencc* of tlie 
thii*(loftheab()ve-Tnention(*dfactc)rs,(dectr()nicintcra(;tic)n, whicrli makes 
t h(‘ outt*r electron shell of the atom of an inert gas esiiecially st able from 
an eiKU’getic point of vic^w, removal of an electron from this shell re- 
(juiring the exiienditurc of a considerably gieater amount of energy. 

The ca])tuT-e of an electron by the atom of a non-metal, con veiling 
its electron shell into the stable shell of an inert gas atom, is accom- 
panied by the e\'olution of energy. The amount of energy evolved, 
calculated for one gram-atom serves as a measure of the so-called 
(‘lc(*tron affinity of the elements. 'J'he higher the (dectron aftinity. 
the more easily the atom can gain an electron. The electron aftinity 
of metallic atoms is zero, as the atoms of nulals are incapable of 
gaining electrons. On the other lian(h the electron affinity of non- 
metallic atoms becomes higher as the^-^ ap])roach the inert gas of 
their pcTiod in the Periodic Table. Therefore, non-metallic properties 
liecomc more and more pronounced towards the end of each jieriod. 

In order to evaluate more exhaustively the metallic and non- 
metallic properties of the elements, a new (joncept, that of "electro- 
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negativity of an elenwiit,'' has been suggested. The electro-negativity 
of an element equals the sum of its ionization ])otential and electron 
affinity p.xpiossod in tlie saine units. Obviously, the higher the electro¬ 
negativity. the more pronounced the non metallic properties of the 
(‘lenient. 

Below are given tlie electro-iu^gativities of th(‘ elements of llu^ 
short periods (e\ce|)t tlie inert gas(‘s), the el(‘ctr() negativity of 
lithium being accepted as unity: 

H-iM 

I.i-I B(^ -i.r) n i\o 2.0 X :bo 0 :br> F 4.0 

Xa- 0.1) Alg l.L> Al \.o Si i.S P i>.l S 2.5 (4 -5.0 

W ithin (‘ach period the (‘I('(*tro-n(‘gali\ity of the elenuml incr(‘a;-es 
with its atomic number. 

The transition from metallic to non-metallic ])i*oj)(*rties in the 
(‘l('m(‘nTs of t h(‘ slior t jieriods is conn('et(‘d also with the (4iang(‘ in 
the numb(*r of outi'r electrons in th(‘ir atoms, w hich inci*(‘as(‘s regularly 
from ont‘ in the tirst memb(T of the period to (‘ight in the last. At 
the same time, the ability ot the atoms to yield electrons (manif(‘s- 
tation of their nu^tallic pi’o])erties) d(H*i'(‘a.s(‘s and tlK‘y acijuiiea cajiacity 
tor gaining electi\)ns (non-metallic properties). 

K\p(‘rim(mt shows that b(‘ginning with lithium, atoms having 
small numl)(‘rs of electrons (und(*r four) in tli(‘ir out (‘r layca* a.re capahk* 
only of losing electj*ons. but n{‘ver gain th(‘m. Smrh ar(‘ tlie atoms 
of th(‘ (‘lements we call metals. On the contrary, atoms w ith a larger 
number of outer (‘lectrons. tliough th(*y can also lose electrons, gai i 
tliem much moi'(' (‘asily and the mon* so. the moi’e eUadrons they 
already liave in their outer layer. This |)ro])ert v is poss(‘ss(‘d by the 
atoms of tlie non metals. 

In the long periods th(‘ gradation of |)ropi‘rties is. on the whol(‘, 
the same as in the short jieriods. only the metallic jiroperties weak(‘n 
much moi-e slowly. This is due to the fact that the outer el(H*tron 
lay(‘r grows l(‘ss r(‘gularly. since from the third memb(‘r of the period 
to th(‘ end of its fii’st iialf. the el(‘ctrons build up the second last 
incom])l(‘te layer, whik^ in the case of the* rare-earth elements in the 
sixth ])eriod. it is not even the second last, but the third last layer, 
that is built up. Therefore the elements in the tirst half of the p(‘riod 
have not more than two (‘lectrons in the outer layer of their atoms 
and are chara(dcrized by |)r(‘dominantly metallic prop(n-ti(\s (theii* 
electron affinity eipialling zero). The atomic radii of these elements 
decrease v(‘rv little and their ionization potentials hardly increase 
at all, as a result of which tlmir metallic properties weaken very 
slowly. Only in the second half of the jieriod does the number of 
out<*r electrons grow' as consistently as in the short iieriods and the 





r»(>. IMiOPKHTlKS OF KLKMKXTS AM) STKIHTUKK OK THKIR ATOMS 


m 


inctnllic proj)crti€\s fi^radiiHlIy give way to iion-inetnllic. The penofl 
enfis iiJ an inert gas. 

The above relation between the structure of the atoms and their 
chemical properties is of very great interest. VVe see that it is mainly 
tlie electi’ons of the outc^r laye^r that influence the cliemical ])ro])erties 
of the atom. The structure of the second last layer influences the 
chemical |)ro[)erti(?s much less. Thus, for instance, elements of long 
|)(Miods, in whose atoms the second last electron layer is being built 
up. differ com|)aratively little in chemical nature (e.g. (V, Mik Fe, 
(V>. Xi). \et, as the second last laycu* is filled with electrons, the 
pro]K*rties of the elements change in a definite direction. Finally, 
the almost com])lete identity of prop(‘rties of the rajv-eajth elements 
shows that the change^ in tlu^ numl)er of el(>ctrons in tlu^ third last 
layer t)f the atom iniiuences its chemical pro])erties insigniticantlv. 
Ho\A'evei‘. even here the increase in the numlxu' of electrons causes 
a gradual, though minute, change in |>roperties. manifested, for 
instance, in the decrease in strength of the bases from element No. oS 
(ceiinm) to elenumt Xo. 71 (Intetium). 

N’ertically the 'fable is divided into nin(‘ coin inns, each containing 
tiu* el(Mn(‘nts of a definite group. The grou|) numbei* conesponds to 
the maximum positiv’e valency (known as the oxygen valency) which 
the elements of the group can nianifest. If we compare this value* 
with the arrangement of electrons in the atoms we can easily set* 
that in all the elements of the short jieriods (except oxygen and 
fluorine) the maximum valency is exactly equal to the number of 
electrons in the outer layer of the atom. 

'fhe long jieriods are somewhat different iii this respect. In the 
atoms of the short jieriod elements the number of electrons in the 
se(u)nd last layer e(|uals two or eight. Having lost their outer electrons, 
tliese atoms b(*eome ions with the stable octet structure of tin* inert 
gases and, naturally, cannot lose any more electrons. In the large 
periods, however, only the tirst two members have eight electrons 
in their second last layer. In the atoms of the subsecpient elements 
the numbei’ of (*lectrons in the second last layer gi-adually increases 
until it reaches eighteen (in the lirst member of the second half of 
the period). I5ut a layer of eighteen electrons proves to be almost 
as stable as the octet layei*. 'fherefore, atoms with eighteen electrons 
in their second last layer (e.g. (‘u, Zn. ({a. etc.) also turn into ions 
with stable shells when they lose their outer electrons. Thus, the 
maximum valency of atoms of the second half of each long ptwiod, 
which have eighteen electrons in their second last layer (just like 
that of atoms with two or eight electrons in their second last layer) 
ecpials the number of electrons in the outer layer.* 

* F]x(*i‘pli()!is an* (‘opper, silvtT ami gold, whose rnaximurn valency ecpials 
two ami Thre<‘, though their outer layer contains only one electron. 
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As to the rest of the elements of the long periods, which contain 
more than eight but less than eighteen electrons in their second 
last layer, they can lose part of the electrons of tliat layer besides 
tluMi* outer electrons, namely, the number necessary for the remaining 
electrons to form a stable octet shell. For instance, the element 
scandium (Xo. 21) can lose only three elc'ctrons, titanium four, 
vanadium live. etc. The total number of electrons which can be lost 
determines the maximum valency of these elements indicated by 
their group number.* 

Long liefore the ap]>earance of the theory of atomic structure 
a definite* i*elationshjp was found to exist between the maximum 
oxygen valency of an clement and its hydrogen valency, the sum 
of these valencies always eejualling s. 

This rclationshi]) is easily explained fiom the stand])oint of the 
electronic conce])tion of valency. Since the atoms of all elements 
(with the exce])tion of lliiorine) are p()sitiv(‘ly charged in oxygen 
com])ounds and negatively in their (‘ornpoimds with hvdr(»gen. th(‘ 
(Kxygen valency is precisely the positive* valency due to loss or 
displacement of valency electrons: on the other hand. tli(: 
hydrogen valency is a negative valency manifested l)V the atom 
gaining tiu* number of electrons needed to form an octet in its 
oiitei* layer. It is clear that the sum of these two valencies must 
ecjual eight. 

It should be noted, however, that this rub* })ertains only to non- 
m(‘tals t'orming gaseous com])ounds with hydrogen. 

''fhere are some metals which also form compounds with hydi'ogcn, 
but these compounds aix* solids, not gases. In the latter the metal 
is charged |K)sitively owing to its lower el(*ctio-n(*gativity. and tlie 
hydrogen is negatively charged. In this case the hydrogen valency 
is a positi\e valency and. of course, ecpials the oxygen valency of 
the metal. 

As was indicated in § .*12. the elements of each grou]) of the IVriodic 
Table, beginning with tlu* fourth horizontal series, are divided into 
two subgroups: an even subgroup, consisting of elements with |)re- 
(loininantly metallic properties, and an odd subgroup, containing 
elements Avith w(‘aker metallic proj)erties or with pi’edominant ly non- 
metallic ]n-o|)erties. 

The difference in properties of the elements of the (*ven and odd 
subgroups follows directly from the structure of their atoms. While 
thert* an* n(*ver mort^ than two electrons in the out(>r layer of th(^ 
atoms of elements of t lu* even subgrou|)s. atoms of elements of the 
odd subgroups may contain as many as seven outer ele(*trons. 
Therefore the eUnunts of ikv (vni snf)(jrnup.s do not gain rhrtroms, 
irlfich rharfirffrize,s fhew mfhds. 

* This (lof's not for tho c'louifaits of lilt’s (‘ij^hth grou]). 
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The odd subgroups also contain metals, but (?onsist mainly of 
elements that gain electrons readily, i.e., of non-metals. 

The strengthening of the metallic ])roperties of the elements of 
the main subgroui)s with increasing atomic numbers can also be 
(*asily explained by the structure of their atoms. Although their 
nuclear charge increases with their atomic^ number, the number of 
electron layers in their atoms incrt^ases simultaneously, as well as 
the re})ulsive action of those layers on the outer electrons. Their 
atomic radii also iiUTease considtn-ably, lowering their ionization 
])otentials and. th(‘refore. their non-metallic properties. 

57. Radioactive Kleinenis and Their Disintegration. TTp till now in 
considering the ])eriodic system we have left aside the radioactiv'^e 
elements and their j)osition in the Table. To elucidate this question 
we shall have to eonsichu' radioactive phenomena in greater detail 
than we did in Cha|)ter 1\’. 

After the discovery of the radioactivity of uranium salts in IS96, 
it was found that the compounds of thorium, radium, f)olonium. 
actinium and a number f>f other elements are also radioactive. Many 
of the radioactive elements occur in nature in almost iin|)onderable 
quantities. Obviously, under such conditions their investigation meets 
with tremendous difliculti(\s. However, tliese dilticulties have been 
successfully overcome and at ])resent the chemical ])ro])erties of almost 
all the radioactive elements have been determined experimentally. 

Radioactive elements possess all the proj)erties of ordinary elements: 
th(\v have (piite definite atomic weights, form chemical compounds 
in a(?cor(lance with their position in the Peiiodic Tal:)le and give 
characteristic s])ectra. Hut besides these properties, which are common 
to all the elements, they possess a specific (capacity for radiating 
(Miei'gy over long j)eriods of time. 

The rays emitted by radioactive ekmients fall into three groups: 
alpha rays, beta rays and gamma rays.* 

Tlu* atoms of the radioa(*tive elements are unsta})le and gradually 
disintegrate, forming new atoms, new chemical elements differing in 
j)roperties from the ])arent elements (for instance the atoms of the 
metal i-adium break u|) into the inert gases radon and helium). The 
disintegi’ation of the atoms is accompanied by t h(‘ emission of alpha 
and beta ])articles. in (piantities de[)ending on the number of atoms 
disintegrating. The emission of gamma rays is a secondary phenom- 
(‘iion usually caused by the beta rays, just like a cathode discharge 
striking the anticathode causes the emission of X-rays (§ 3fi). 

The long-term radiation of energy l)y radioactive substances at 
first sight seems to contradict the Law of (^mservation of Energy. 

* It will bo roinombertHl that Hli)lm rays ar(‘ stn*anis of holiuin ions bearing 
twr> positive ehargivs each, beta rays are beams of electJ*ons and gamma rays 
carry no charge at all, but, like X-rays, are electromagnetic oscillations pro[)- 
agated at the velocity of light. 
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Actually there is no contradiction at all, inasmuch as the source of 
radiated energy is the internal energy of the atoms, wliicli decreases 
as they change into other atoms. 

The change of energy aecom])anying the disintegration of atoms 
of rndioactivc eJcinouts is witch greater than the change of energy 
in (fidiiiary chemical reactions. It has been calcnlated, for instance, 
that tlie (lomplete deca\- of one gram of radium is acafompajiHMl h\’ 
the liberation of ;b 7 v]o«i (^aL. i.e., approximately oOO.OOO times as 
much as during the combustion of one gram of coal. For this reason 
radioactive disintegration is ])ractically not aflected by the tem¬ 
perature and remains the same at the lowest and at the highest 
temperatures. 

The rate of decay of radioactive elements varies enormouslv. It is 
(‘haracteri/ed by the so-called radioactive constant, indicating the 
li'action oi the total number of atoms oi the radioactive element 
actually |)resent that disintegrates ])er second. The higher the radio¬ 
active constant, the laster the element disintegrates. 

The iat(‘ of disintegration does not remain constant in time. A 
study of the proc(‘ss of radioactive decay shows that the (fiundif/f 
of <(i<oas of (( radiooctirr cUoavnl, hreokini/ *d (ftrff (jirrn nioairnf, 
is proporlwrntl lo I In (/uffafiftf of atoms avtaalbf present . It follows, 
therefore, that if half the radioactive element present breaks u]) in 
the course of a certain period of time, half tlie remainder, i.e.. half 
as much, will disintegrate in the ?»ext equal pei'iod: the amount 

t hat (lisi ntegrates in the pei‘iod 
after that will be again half as 
m uch as in the I )] ev ious j )eriod, 

(‘tC. 

For instance, it has be('Ji 
established by observing the 
change ir) quantity of radon, 
that one half of the initial 
amount nnnains after 
days. V 4 aft(a‘ another .‘{.So 
days, tluai etc. 

The i*ate of disintegration 
of radon is shown graphically 
in Fig. 40, where the time is 
|)lotted along the horizontal 
axis and the (piantity of radon 
along the vertical axis. 'J^he 
of (lisiiu«^f>:ratioji nr nuhm time necessary for half the 

initial quantity of a radioac¬ 
tive element to decay is (jailed its half-life period. This value cliarac- 
terizes the lifetime of the element. For v^arious radioactive elements 
it varies over an immense range, from fractions of a sc'cond to billions 
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of years. In ])articiilar, the half-life period of radium equals l,r»SO 
years, i.e., any definite quantitv of radium, whatever that quantity 
may be, diminishes to one half in 1,580 years. 

5 K. Kadioaetive Series. Elucidation of tiie nature of radioactivity 
Jed to the striking conclusion that elements ran change into one 
another by disintegr-ating. If tl)e resulting element is radioactive, it 
breaks down further into a third element, and so on until it turns 
into an ekunent incapable of further decay. A s(‘ri(\s of such elements 
is (‘ailed a iadioacti\e s(ui(\s. By way of exam])le we may consider 
the change's taking place in radium. As we know, radium disintegratc's 
to form radon, a radioactive eleuH'nt which Im^aks up in its turn, 
forming radium A. The latter is also radioactive and upon decay 
forms a siutcession of other 1 ‘adioactive elements radium B, radi¬ 
um etc. The end product of this serais is ladium (h which is (juite 
a stable element, idc'iitical in cheini(*al ])ro])('rti('s to ordinaiy lead. 

The entire process of sTic(^('ssive trans¬ 
formations of radium is shown schemat¬ 
ically in Fig. 50. in which the atomic 
weights of the elenumts. tIuMr half-life 
])eriods and th(' rays emitted during 
('ach transformation are ijidicated. 

I'lanium. thorium, and actinium, 

\N Inch also possess radioactive proper¬ 
ties. disintegrate in a way similar to 
ladium. A study of these transforma¬ 
tions has shown that I'adium is itsc'lf 
but an intermediate link in the long 
chain of transfoiination ])rodu(*ts of 
uranium, from which it originatesa(‘(H)rd- 
ing to the scheme in Fig. 51. 

At ])iesent there are thrc'e series of 
natural radioactive elements knowji, the 
starting ])oints of which are uranium, 
thorimn and actinium (see A]»p(mdL\. 
p. 671). The end product of all tlnve 
s(‘ri('s is lead. Besides, reciently a fourth 
!*adioactive series has Ix'en discovered, 
which begins with the artificially pro¬ 
duced element neitunium and ends 
with bismuth. 

The presence of lead in uranium ores 
leads to an interesting conclusion re¬ 
garding the age of our planet. Knowing 
the half-life periods of the radioactive^ elements in the uranium series, 
we can easily calculate the time needed for a certain part of the ura¬ 
nium to cliange into lead. The lead content in uranium ores con- 



Kig. 50. Diagram of trans¬ 
formations of radium 
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stitutes ail average of 20 ])er cent. If we calculate therefrom the time of 
its formation from the ore w-e get 1.500 million years. But since the 
uranium ore cannot be older than the earth's crust, the same figure shows 
the minimum age of the earth. 

50. Isotopes. The study of radioactivity enriched chemistry with 
tile knowledge of a large number of new chemical elements. All 
these elements had to be arranged somehow in the Periodic Table. 
But there immediately arose a difficulty consisting primarily in the 
fact that the number of blank spaces in the 'Table was far smaller 
tlian the number of radioactive elements. This led investigators t<> 
study the chemical ])ro])erties of the radioactive elements, whereas 
jirior to this they had been interested almost e-\chisivelv in their 
radioactive ])roj)erties. ft was soon established that many of the 
radioactive elements, though of different atomic? weights and radio¬ 
active pro])erties. weie practically identical in their’ chemical prop¬ 
erties. For* instance, ionium, one of the jiroducts of iu*anium decay, 
turned out to be chemically indisfinguishalile from thorium, i*adium B 
from radium 1) and radium (I, etc. 

But if sever*al elements possess idcmtical chemical ])i*operties it is 
(juite logical to place them in the same box of the IVriodic Table. 
Jt AN as on tlu'se grounds that all the radioactive elements w(‘re arr-anged 
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Kiif. 51. niaurain <»f traiisforinatof* tiianinm into radimii 

in the Table, seven radioactive elements falling, for instance, into 
the same box as l(*ad. ( ii’oups of elements occupying the same position 
became known as pleiads and the elements constituting tlie })leiads, 
and hence j)ossessing identical chemical pi*o|)er'ties but different 
atomic* weights, were called isotopes.* 

'To c*omj)rehend the oi'igin of isotopes we must turn to the tr*ans- 
forrnations of radioactive elements and cH)nsider them from the 
standpoint of thc‘ theory of atomic structure. 

\\'c‘ know ah’c?ady that the transformations of radioactive elements 
are accom])anied by the emission of al])ha ])articles, i.e., helium 
nuclei ])Ossessing tV'O ])C)sitive charges, and beta particles or electrons : 
at the same time, gamma ra-ys arc also sometimes emitted. Since 
the atom of any element consists of a nuclcnis and electrons it is 
evident that the alpha particles can cjriginate only in the nucleus. 

* From Iho (U’ork “isos"—tho same and “topos" - })]aee. 
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The same must be assumed concerning the beta f)articles which 
cannot be the electrons surrounding the nucleus, because in losing 
the latter the atom is merely converted into a ])ositive ion. but does 
not become an atom of another element. At the same time, there 
are some radioactive changes which are accompanied by the emission 
of only beta particles. 

Hence arose the assumjition that the nuclei of radioactive elements 
are complex formations consisting of helium nuclei and electrons. Of 
course, since the nucleus as a whole is charged ])()sitively, the number 
of positive charges on it is greater than the number of electrons. 

()0. Law ot‘ Shift. Now let us see how the pro])ert ies of the elements 
eliange during radioactive transformations depending on the particles 
emitted. The relationshi]) observed in this connection is very simple 
and is known as the I^aw of Shift: 

An (Jnninl jonm^d I row onolher lU-wnd />// Hw (on lesion oj alpha 
raffs occupies a posifion in the Pt riodic Table in accordayice with 
its chewical fwoperties, tiro (fronps to the left of the parent element: 
an element formed hif beta radiation is shifted one (jronp to the right 
of the parent element. 

The Law of Shift follows directly from tlie theory of atomic decay, 
if we assume that not only aljdia particles, but beta ])ai*ticles as well, 
are ejected from the niu^leus. With the loss of an alpha |)article the 
charg(‘ on the nucleus decreases l)v two units and therefoix* the atomic 
nuinlxM* also becomes two units smaller, as a result of wdiich the 
element shifts two places to the left in the Periodic Tal)le (foi* instance, 
radium is in the second group, wdiereas radon, derived from it, is 
in the zeio grou])). On the other hand, the emission of a beta particle 
increases the charge on the nucleus by one. and th(^ element sliifts 
OIK* position to the right.* 

Th(* table in Fig. o'2 is a graphic illustration of the Law' of Shift. 
The table show\s tlie successive shifts of radioactive elements formed 
during the dec^ay of uranium, thorium and actinium from group to 
grouj) of the periodic system. 

The theory of atomic decay not only determines the ])osition of 
the disintegration products in the Periodic Table, but makes it 
possible also to calculate their atomic Aveights. Indeed, when an 
alj)ha particle is ejected from the nucleus, the mass of the nucleus, 
and therefore tht^ atomicj weight, decreases by four units, whereas 
the emission of beta ]>articles ])ractically does not change the mass 

* As new noiitral atoms (and not ions) aro fdriiHsi diirincj: radioactive clianjjc<'s, 
it is ovi<lt‘rit that tlu* emission of alpha jmrticles by the nucleus of a radio- 
uctiv(' elcMiient must be accompanicMl by a .simultaneous loss of two electrons 
from the outer sht'll of th(> atom, and the (‘mission of beta particles by a gain 
of one electron in the outer sh(dl. 
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of the atom as a whole, owing to the insignificant mass of these 
particles. Thus, the atomic weight of an element formed bv alpha 
radiation is four units less than that of the parent element, while 
the atomic weight of an element ])roduced l)y beta i*adiation remains 
|)i*actically the same as that of the |)arent element. 



If the atom ejects first an al|)lia |)article and then two beta 
])articles. the charge on the nucleus (and therefore all the ])roperti(\s 
of the element) remains unchanged, but the atomic weiglit becomes 
four units Jess, and thus we get an isotope of the parent element. 
In this way, for instance, we get the isoto])e Ha()l, or lead (No. S2), 
from Ital) (No. S2). 

Establishment of the concey)t of isotoijy made it ]>ossible, as statcMi 
above, to include all the radioactive elements in tlie Periodic Table. 
The radioactive isotopes constitute ten pleiads situated in the last 
two rows of Mendeleyev’s Table. The aiTcangement of the ])leiads in 



ISOTOPKS OK N<)N-RAni()A(TlVK RLKMRNTS 


the groups of the Periodic Table is shown in Fig. 52. Seven pleiads 
consist ol radioactive elements only; tlie other three have one non¬ 
radioactive element each. The typical elements of each ])leiad aie 
those that liave the longest lifetime, i.e.. are the most stable; thes<‘ 
elements are indicated at the bottom (»f the table. All the memb(‘rs 
of each pleiad have the same nuclear charge and identical chemical 
pro})erties, and differ from one another oiily in atomic weight and 
radioactive proj)erties. The pleiads of l(‘ad and polojiium contain the 
gr(^atest numbers of isoto])ic elements. 

01. Isotopes of Non-Radioaetive Fleiiieiits. The possibility of 
e\ist.(m(*e of isot()])es follows as a corollary from the theory of dis¬ 
integration of i*adioactive elements. But since most radioactive 
elements have been obtained in very insignificant. “imj)onderable‘‘ 
(piantities. the atomic weights of isotopes wei’e (calculated ofjIv on 
th(^ basis of th(‘ law of radioactive d(H‘ay and could not be v(‘rili(‘d 
by direct measurement. 

in a short time. how(*ver. a ival |)roof of the existen(H‘ of isotop(‘S 
was found. As has already Ixvn stated, the end ])roduct of disinte¬ 
gration of uranium and thorium is h'ad. But th(‘ l(‘a(l den^ived from 
uranium must have an atomic weight of 2(M). and that from tfjorium. 20S. 
Meanwhile, the atomic ^^'eight 
of ordinary Icnid is 2t)7.2. This 
led scientists to investigate the 
lead which is always (jontained 
in uranium and thorium ores. 

After numerous, very exact de- 
tcTininations the atomic weight 
of uranium l(Nid was finally 
established to be ecpial to 
20().J: the atomic? weight of 
thorium lead ju'oved to be 
e(|ual to 207.1)7. Thus, both l(‘ad isotopes were found in natine. They 
wen? found to be exactly identical in all chemical proj)erties to 
ordinary lead and to each oth(?r, and to differ only in atomic weight. 
Ordinary lead is mainly a mixture of the above two isotopcxs. 

After the discovery of the isotopes of lead there natin-ally arose 
t he idea that other elements might also be |)l(aads of isotopes. This 
(piestion was solved finally in 11 ) 1^2 when the English ])hysicist Aston 
(leveloped a method of determining atomic weights, based on 
analysis of canal rays. 

(^anal rays are formed in a cathode-ray tube if the cathode is 
|)laced in the middle of the tube and ])rovided with apertures 
(“canals”). If current is passed through such a tube, beams of in¬ 
visible rays are emitted from thesea])ertures and travel in a direction 
opi)osite to the cathode discharge (F'ig. 5:^). The i)articles of the canal 
rays are atoms or molecules of the substances the gas in the tube- 
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consists of, wliicli have lost one or several electrons, and are 
therefore positively charged. 

Taking advantage of the fact that canal rays are deflected in 
magnetic and electric fields, Aston constructed an a])paratus which 
jnade it possible to determine the presence of isoto])es in various 
simj)le substances. This apparatus was called the mass spectrograph. 

mass s])(*('trr)^ra])h is shown dia^raminatically in Fiu. 54. Tho Ciinal niys 
pass iliroujxh two narrow |)arallcl slits .4, and .4., and tajtcr the elta-trie fi<‘ld 
hetwocn the two condonser plates By and /t._» in tlu‘ form of a narrow beam. 
Ih‘n‘ the rays div(‘r^e, as tlie |)ositivcly i*harirod ])artielt‘s are chdleetc'd differiait- 



ly hy tli(‘ eharyod p!at(‘s of tlu' eondonst'r, d<*p(‘ndiii^‘ on tla'ir mass, (•hara* and 
\ t‘loeiiy. Piirt ol'tlx* di\ er^(‘d beam is sinixle*! out hy slit Candetiiersa ma^ix'tie 
field, till' dirt'etioii of wliieh is such as to make th(‘ h<*a.m eot»v(‘r^x‘ aj>ain. If 
all the f)artieles are ofeijual mass and ehar<j:<‘ and <lifTer oidy in their \’el(»eity, 
th(‘ eoiiNer^nait rays will form a distinct hlaek lint' on tin* phott)^rapliie j)lale 
!)'. but if tht' beam eontains ])artiele‘s with diUert'iit masst‘<, 
a nmnher of lint's will appear on the |)la.t(', t*aeli corresponding 
to particles of a ticfinilt* mass (Fi^jr. 55). 

Aston called tliis system of lin«*sa mass spectriiiii. Knowing 
tlie ]»osition ol’thc lines ft>r aii_\’ dt'finite substance tlie masses 
corresponding tt) t he other lint's can be fomul by comparison. 

Tsiiig his apparatus Aston undertook an investi¬ 
gation of vtirioiis elements which showed that many 
si m ]) Ie su bstai i(jes tire mi .\ tures t)f is()to |)es. Kt )r i nstance. 
ordinary chlorine c.onsists of two isotopes with th(> 
atomic weights 35 and 37, co|>per also of two iso¬ 
topes of atomic weights (>3 and 05; magnesium has 
three isotojtes with the atomic wtughts 24,25 and 2(5, etc. 

I'hiis, tlie ])rev ions idea as to the absolute identity of all atoms of 
tlie same element proved to l>e erroneous. .Many simple substances 
were found to consist of atoms of various w^eights, and what we call 
the atomic weight of an element is but a certain mean value, the 
average weight of the atoms of the simple substance. It is remarkable 
that the atomic weights of all known isotopes, determined with an 
accuracy of 0.001, were found to be whole numbers. On these grounds 
Aston made the following generalization which he called the rule of 
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wholo the true atomic weights of all elements are. irhole 

7 iumhers. All deviations of conventional atomic weights from whole 
numbers arc due to the fact that many simple substances are mixtures 
of isoto))es. 

The isotopes of one and the same pleiad are denoted by the usual 
symbols used tor the cori'esponding elements with the addition of 
a superscript index in their u])])er right-hand corner, indicating 
the atomic weight of the isoto])e. Thus the isotopes of chlorine are 
denoted by and C/P", the isotoj)es of magnesium by Mg^^, Mg-’* 
and etc. 

At ])resent all the chemical elements have been investigated for 
isotoj)es. Tt has been established that most (‘lements are pleiads of 
isotopes and only very few of them have no isot()])es at all. Tlie 
number of isoto})es in some ])leiads is (piite large; for instance, eiglit 
ea(^fi have been detected for cadmium and tellurium, and ten for 
tin. Tlie total number of known isotopes of only the non-radioactiv(‘ 
elenumts has reached 2r)P; if we add to this number the isoto])es of 
the radioactive elements, both existing in nature and ])roduced by 
artiticial means (§ 26h), the total number of discovered isotopes, i.e., 
types of atoms known to us, exet^eds 40i). 

Since the chemical j)roperties of isoto])es are j)ractically identical, 
their s(‘paration is a very difllcult ])robl(Mn. Still, making use of 
phenomena depending mainly on atomic masses, and not on their 
<*hemieal pro])erties, it has b(‘en found ])ossible to partially sc'parate 
several simple substances into isotopes. For instance, in 1921 two 
fractions of mercury, differing in atomic weight by 0.1S9. were ob- 
taiiK'd by fractional distillation. In I9:i2 two almost i)ure fractiojis 
of and Xe- were isolated from oi-dinaiy neon, and in 19:59 tlie 
isotopes of chlorine were separated completely by lepeatod diffusion. 
At present a huge number of isotopes of various (dements have been 
obtaiiKMl in the })ure form by this method. 

It was stated al) 0 \e that the chemical ])i‘ 0 |)erti(\s of isotopes are 
practically identical. This means that evem il therc^ is ajiy diflerence 
i)etw(^en the chemical ])r()|)erties of isoto|)(^s. it is so small that we 
hav(‘ as yt^t been unable to detect it. An exception to this are the 
isoto])es of hydrogen, fP and IP, discovered in 19:52. Owing to the 
great I'clative differen(*(^ between their atomic weights (one isoto])e 
is twice as heavy as the other) the ])roperties of these isotopes are 
l)erceptibly dissimilar. In ('onseciuence of this. th(:‘y have been se|)arat- 
ed com])letelv from one another by chemical nutans. The hydrogen 
isoto])e haviiig an atomic weight of 2 is calkHl deiiteriiini and is 
denoted bv a sfiecial symbol 1). Deuterium is ])resent in ordinary 
hydrogen in quantities of about 0.917 ])er cent. There is also a radio¬ 
active isotope of hydrogen called tritium (half-life around twelve 
years) which can be produced only by artificial means. Tritium has 
not been discovered in nature. 
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Hearn Water, tin* olortrolysis of on Jinary water, which together witli 

the* iriolecnl(\s of H^O contains an iiisignifi<'unt fjjiiantity of IM) molecules 
foriiKsI ])y the heavy isoto]>e of hydrogen, the nioleciilcs (lecoinpos(‘(l are prt'- 
dominantly those* of If.A). Tlierefore, ifwattM* is tdectrolyzed for a lor)g time, tfa* 
residue* is gradiually e‘nrie‘he*el in mole*cule*s. Ifv rc|)e'ate*d e*le‘e*trolysis and 

eiistillatie)n I^ewis aiul Mae*l)e)nalel sue*e*ee*eleMl in JtKflJ in e*\<>lving from suet) iV 
re'sielue a small aineiiint e»f water e*e>nsisiing alme)st e*ntircly of inole»*ul<‘s, 
whiefi was calle'el ‘iu'avy water." 

'Pile* |)ro}n*rt ie's of’he*avv W{ite*r eliffe*!* e*sse*nt ially from tJiose* of orehnary (liszht) 
\\ ate*!'. 

lf<*low are give'll some* e>f the e'emstants e>f ordinary anef lie'avy wate r. 


H,() 

Me)le‘e*ular we*ight. IS 

Fi‘e‘e'/ing point, el<*gre*e*.s ('. 0 

He>iling ])()int, el(/gre*e's ('.HHI 

Density at 2d (’. d.fMIS2 

Maximum el(*nsi(\ 1 e'lniK'ralun*, de*gre‘e‘s(‘ 4 


lU) 

2d 

:ls 2 
Idl. 4 
1.1 dAd 
I I.d 


He'a\y wate*r elisse»lve‘s .salts le‘ss re'aelily than eirelinarv vvat(*r. 'I'he* eliff ieue'e* 
in pre)|)e'rt ie*s eif lie‘av\ aiiel eirelinary wate*r l)e‘e*e>me*s e‘spe*ciall>' elisi ine*t in e*hemie*al 
re‘ae*tie)ns: re'ae'tieais with h<‘a\ \ wate*r are* mui'li sleiwt'i* llian with light wale'r. 
Inve'stigatieui of the influence* e)f }ie*avy wate*r em \'ital proe*e‘sse's rc\e ale'el its 
stnaig hie)|e)gie*al e‘ff‘e*(*t em e*e*rtain eirganisms. 

He*a\y water has feamd prae*tical ajijilicatiem as a me>ele'rate)r in mu'le'ar 
re’acteirs (se^e* § 2(.)7). 

If(‘siele*s he'avy wate*r, man,\' eithe*!* e*e)mpe>unels ha\’e‘ l>e‘e‘n e)],taine*el ce>ntainitig 
ile*uterium inste'ael ofea'diiiary hydroge*n. Sucli are. I’eir e'xample*, li(‘av\’ ammonia 
XI).,, }ie*avy hxelreigen edilea^iele* 1)(4, e*1c. 

The* preieluct ieni ejf he*avv wate*r, as we‘11 as the* separation of the* ise»te>pe*s of 
many el(.*me*nts. has feiunele*d a ra]ii<lly efe’x eleiping Jie*w fie‘lel of e‘he*mist r_\, 
name'ly, the* e*hemistr\ of ise>to|)e‘S. 

I.s(ffajjir /mif'rafars. in the ceairse* eif ifu* jiast ele*caele wide* use* has he'e'n maele* 
of se)-calk*el isote)pic inelie*ate»rs e)r '4ahe*le*el atenns" in the* stuej\ e)f ttie* nu‘chanism 
e)fe‘he*mie*al anel l)ie«logie*al proe*e*sses, 4’heir u.se* is hascel e>n the* fae*t that in e iienii- 
e-al transfeirmat ienis the* paths eif transitieai eif any e‘le*!rie*nt we* may he intereste^el 
in can lie* trae*e*el hy changing the* e*e)ne*e*ntraliem eef enie eif its ise>te>pe*s in one* eif 
tile* re*ae*tants. Sine*e* the* behaviour eif all the iseiteipe*s eif the* same e'le*m*‘nt in 
e*he*mie*al re*ae4ieins is prfie*t ie-ally iele*ntical, the* e*hange in the* iseiteijiie^ ceimj>e»sit iein 
of the* e*le*me*nt in the* variems re*ae'tion preielucts make*s it jieissihle* tei trace its jiath. 

'Pwei e*xample*s eif sue*e*e*ssful seilutions eif elisputahle* preilile'ins in eirganier 
e*he‘inistrv h.v me*ans eif the* new Mie*theiel ai’e* gi\'f*n he*leiw. 

I) Feir a leing time* in eirganic cheanistr\ the* me*e*hanism eif the* re*actioii of 
.sapeinifie*af iein (hyelreilyt ic splitting of e*sters intei ale*eiheils anel ae*iels) was a. peiint 
eif ceintreive*rsy. Twei se*he*mes are* peissible* for this re‘ae*tiein, eliffering in the* 
peiint eif rujiture* anel feirmatieui of the* lieinds. Feir instaneM*, in the^ e*a.se* eif ethyl 
ace'tate*: 

(^H.,(4) f H; Olf } U (I) 


(dl.,(A)() \CMr \ HO \ H^^CH.COO H OH (II) 


'I’he* ejue*stieiii as tei whie'h of the'se* achoines was the* right eme was seilve*el 
simply anel unambigueiusly by crnpleiying feir th*:* rt*Hctiein water whie*h e*eintaine*el 
an ine*reased amount eif the heavy eixygem isote)]ie* The> he*a.vy iseiteipe* eif 
e).\yge*n (ele*neite*el in the eMjuatieins liy an a.ste*risk) should pass intei the* ae*iel 
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to (*(juatiori laiiditito the alcohol afu^ordine; to equation 11. 'J'he latter 
e([uatiou was excluded as when tli(‘alcohol obtained wt s burnt th(‘ resultint: 
water was of normal density, i.e., th(‘ ahrohol did not contain any hcnivy oxy^t'n 
isotojx ^s. 

2) The use of the }u*avy oxyJ^en iscitopt* in sludyintf the 

assimilation ol cartx^n dioxide by plants (in thi* experimc'iits car])on dioxide 
and wat(‘r enri(*hed in ()^*^ were use<|) indi(*at<‘d that it proceeds ac^cordinu to 
the e<jiiations: 

fit’O. i 1211,0 i (t(), 

(U H*), e 12 H ,() - (H, ,(\ r h H ,0 4 HO, 

'Thus it was established that theoxypai returru*<l f)y plants to the atmosphi're 
<-nmes i‘ntin‘ly from ttie water and not from the carhon dioxide. 

The applications of this new m(*lhod of investi^jition wi'n' greatly t‘xtend(‘d 
afh'r tlu* disco\(.‘ry and |»r(Kluction of a numlxa* oi‘ iso1op(*s of radioactive 
elements (2HI))- 

Investi^^atioii of 1h<' el(‘incnts by .Aston’s method soon revealed 
tliat l>esides atoms of different \vei|/lits forming a single j)leiad of 
isotojtes there also existed atoms of etpial weights belonging to 
different j)leiads and therefore having different nuclear charges. 
Kxamitles of these are: Ar‘*’^ and (V'* and and 

Sn‘^-’ aod others. .Atoms with etjtial weights but different chemi(?al 
ju'ojK'rties are called isobars, 

1’he existence of isobars is especially graphic evidence of the fact 
that ,the mass of the atom does not determine its chemical i)rop- 
(M‘ti(‘s, and that the tnain ratue o)i which the properties of the atom 
(If pend is the ('hanje on its nucleus. 

The discov(My of isotojn called lor a revision of the chemical 
elemenf concept. .As has already been indicated the concept ‘’chemical 
element” had recently been almost identified with the concept ’’atom.” 
It was thought that there w(‘re as many chemical elements as different 
kinds of atoms. But now. with the discovery of isotoix's. the number 
of different types of atoms had increased to ap])r()ximately 250 (not 
counting the isotopes of the radioactive elements) and may continue 
to increase. Naturally, there arises the cpiestion whether isoto])es of 
the same ])lciad should be considered separate? elements or, as 
previously, the same element. Many considerations (identity of the 
chemical propei’ties of isofoj)es, difficulty of their se])aration and 
others) favour the latter treatment. That is why the International 
(’ominittee on Atomic Weights resolved, as tar back as 1023, to 
consider that a chemical element is determined by its atomic number 
and may consist of atoms of either identical or different weights. 
Elements consisting of identical atoms are usually called “pure,’ 
and those consisting of atoms of different weights- “mixed elements. 

Thus, a chemical element is a species of atoms characterized by a 
definite, positive nuvlear chanje. 
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( IIKMICAL KIXKTK S AND ( HKMICAL KQl ILIBKII M 

(Chemical kilU‘ti(^sistlK'l)^^uu•lH)f (‘lu'inistrvthat (leals with the veloc- 
itios of cheniifal ])n)(*eHses. This chapter is a brief review of tlie fiinda- 
nientals of eheiiiieal kinetics. 

()2. Kate ol‘ riieiiiical Keaefioiis. A study of chcniical reactions 
shows that they can take place at very different rates. Sometimes 
the reaction takes place so ra|)idly that it may |)ractically he con¬ 
sidered instautaiu'ous: such, for instance, are many reactions between 
salts, acids and bases taking place in aipieoiis solution, or reactions 
which we call exj)losions. In other eases the rate of reaction is so 
small that it would tak(* years or evcm centurit\s for a ])erceptible 
amount of the reaction products to form. 

The m/c or rclocifj/ of a naction /.v nfea.sared hjf the chamje in con- 
centration of the reartant^s prr nnit time. 

(\)n(;entration is the (piantity of substance per unit volume. In 
measuring reaction I’atcs concentrations ai'e usually e.xpressed as the 
number of moles of a substance contained in one litre. 

Suppose that at a certain moment of time the concentration of one 
of the reactants was two moles per litre and a minute lat(T became 
l.S moles per litre, i.e.. diminished by (K2 mole. The decrease in con¬ 
centration shows that of the cpiantity of the substance in (piestion 
contained in one litre, 0.2 mole reacted in the (bourse of one minute. 
Hence, tin* change in coueentration can serve as a measure of the 
(juantity of substance which underwent trausfeu-matiou per unit 
time. i.e.. a measure of tin* velocity of the reaction. On these giounds, 
the reaction rate* is expj‘ess(*d as the numbei* of mole*s [lei* litre* trans- 
forme^d per unit time. In the above ease tlie reaction rate ecpials 
0.2 mole j)er minute. Since substances react in equivalent quantities, 
the iat(* of reaction (ran be (hdermined l)y the change in concentration 
of any of the i*eactants. 

Tlie v elocity of each reaction depends on the nature of the reactants, 
on th(‘ir (roncentration and on the conditions of the reaction (tem- 
j)erature, pr(*ssur(‘, |)resence of (iatalysts). 

Th('- dependence of the reaction rate on the concentration of the 
reactants can easily be understood if we proewd from molecular-kinetic 
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(?ont*e]>tions. Hy way of exain|)U‘ let us eonsider a reaction between two 
gaseous substan(?es mixed in a known volume at a definite temi)erature. 

The gas molecules travelling in all directions at rather high veloc¬ 
ities inevitably collide with f)ne another. Tlu'v can interact, ob¬ 
viously, only when they collide: hence, the more often the molecules 
collide, the sooner the initial substances will be converted into new 
ones, and the higher will be the rate of reaction. But the frequency 
of collision between the molecules depends jUMmarily on their numl)er 
per unit volume, i.e., on the concentrations of the reactants. 

It must not be thought that each collision between molecules 
necessai’ily leads to the formation of new molecules, 'fhe kinetic 
iheoi'y mak(‘s it {possible to calculate the number of collisions taking 
place ])er unit time at any given concentration and tem])eiature of 
tli(‘ l•eactants: ex])erimental determination of reaction rates. o»i the 
other hand, shows how many molecules actually undergo change 
during the same time interval. The latter number is always less 
than the foi-nier. Kvidently. there are ce rtain more “active’' molecules, 
which j)ossess moi’e energy thaji the rest at the moment of collision, 
('heniical interaction takes ])iace only when such active molecules 
collide, other jnolecules Hying apart unchanged after collision. But 
no malt(M‘ wdiat the relative (piantity of active molecules in each 
se])arate cast*, their absolute num})er p(*i‘ unit volume, and h(*nce 
the numlH'r of effectiv(‘ collisions, increases with the coiicentratioJL 
wliich means that the reaction rate also incr(*ases. 

Now let us att(‘mpt to establish a (juantitative relat ionshij) bet ween 
the velocity of reaction and the concentrations of the reactants. 
For this ])urpose we shall consider a concrete reaction, for instance, 
the formation of hydrogen iodide from iodine and hydrogen : 

H, ^ L HI 

Su|)])ose we mixed e<|ual volumes of hydrogen and iodine va])ours 
in a vess(‘l at a certain tem])erature and compressed the inixtun* 
until the concentration of each gas l)ecame eijual to 0.1 mole per 
liti(*. The reaction s(‘ts in. Let o.oooi mole each of H., and L, })e 
converted per minute into HI. i.e.. let the rate of reaetkm be 0.0001 
mole ]>(*r minute. If we incTease the concentration of one of the 
gases, say hydrogen, two-, three- or fourfold (by ijitroducing the 
corresponding (piantity ol the gas into the same* vessel), the number 
of collisions b(*tw(Hm'the H., and 1.^ moleciih's jier unit time will 
obviouslv also increase the same number of times and tlunx^fore 
the rate of tlu* reat^tion betwt*en them will also increase that number 
(‘f times. If the concentrations of both gases are increas(Ml simid- 
taneously, say, one twofold and the other fourfold, the leaction rate 
will incTease eightfold and will become ecpial to O.OdOl x2 x4 --O.OOOS 
mole per minute. Thus, we come to the following (X)nclusion: 
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I Thv rate of a chemical reaction is proportional to the prodnet 
of the concentrations of the reactants. 

Hiis vorviniport aiit |)riiu‘i])]e wasestablislied in J SOT by t wo Norwegian 
scientists (hiklberg and VVaage and is known as the Law of IWass 
Aelioii or the Law of Acting Masses. 

Passing over to a inatheinatieal ex])ression of the Law of Mass 
Action, we shall begin with the simplest reactions in which, as is 
the case with the formation of HI. one molecule of one substance 
reacts with one molecule of another. Since we aie now interested 
only in the substances entering into the reaction, we can express 
siu'li reactions by the general equation: 

A : n V 

Denoting the concenti ations of the substances A and \^. respectively, 
by |A| and (H|. aial tiu* ivaction velocity at those con(*entrations 
b\ r. we get: 

/V. K . |A| - |U| 

\\ lK‘rt‘ K is a pro])ortionality factor, call(‘d tlu^ velocity constant which 
I'cmains invariable for any givcm redaction at a givem tem|)erature 
and characterizes the influence* of the natur(*ofthe r(*actingsubstance^ 
on the rate of the reaction betw(‘en them. 

If we ])ut in the above equation |A|- I and |B| 1. tlum 

r K 

H(‘nce, it can be seen that tlie velocity constant K numerically 
eepials the reaction rate when the concentiations of the reactants 
(or theii- j)roduct) ecpial unity. 

The (‘xpression for the reaction rate has a somewhat different 
form when the numbcT of molecules of one of tin* substan(*es taking 
part in the ivaction is greater than one. for instance: 

:^A i B - I) or A 4 A B |) 

For this reaction to take place, two molecules of A must collide 
simultaneously with one molecule of B. Mathemati(^al analysis shows 
that in such a case tin* concentration of A must ap[)car twice in the 
rate-of-reactioii equation: 

r-K ■ lAl .:|A| . iHl-A'xIAI^^xIBI 

In the general case, when /n molecules of A rea(^t simultaneously 
with n molecules of B. the rate-of-rcaetion ecjuation has the form: 


v’ - K K LAJ'^^ X I B| 
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The above may be illustratcHl by the following eon(n*('le exam])les: 

H, Ha 2111 V’- /^|H,] .[I\,| 

2 NO + O,- 2 NO^ /' K Ix\01^ ■ [(),J 

Tlie rate of any reaction (liininishes (H)ntinnonsJy in time, since 
tlie reacting substances are gradually (‘X])ended and their concen- 
ti*ation becomes lower and lower. Therefore, wh(*n we sjx'ak of the 
v(>locity of a reaction we always mean tlu^ velocity at a given momejit, 
i.e., the (juantitv of snl)stance which would undergo change if the 
concentrations existing at that moment were sustained artilieially 
in tbe course of a definite ])eriod of tim(\ 

'fhe conclusions concerning the d(‘|K‘ndence of tlie jeaction rate 
oji tiK’i concerdrations of tbe reactants do not pertain to solid sub¬ 
stances ]»artici])ating in the reaction. Since solid substances react, 
only at tbeir surfaces, the rate of reaction in this ease depends on 
the suifaxe ar(‘a of tlu^ solid and not on its bulk concentration; 
therefore, if th(‘r(i ar(‘ solids taking ])art. in the reaction together with 
gases and dissolved substances, tlu^ reaction rate (with a definite 
degn^e of subdivision of the solid) varies only in dependeiice on 
t h(^ (^oncenti'ations of the gaseous or dissolved substances. For example, 
the velocity of the reaction of combustion of coal 

bO, -CO. 

is pi()])()rtional only to the concentration of oxygen: 

ill practice*, wln'ii nicasuriu^ n-action rat(*s. appar<*nt (l«*viations from tiic 
bciw oi' Mass Actieiu art* ofton obscrvc'd. 1’his is diK* to tlic fact that many 
■trarh'())is take place in serrral .stf j).s\ i.r., may lx* dividrd up int o scN cral coiisccn- 
ti\c sim})l('r ])roccss('s. Tlu* Law of Mass Action in this case* is true* for cacti 
separate* (‘Icm«*ii1arv ])roce*ss, hut not for (lu* reaction as a whole. For instance, 
the* react ieiii tiel weeii iodic acid IIIO;, and suhihurons acid H.S()., is (*xpr(*ss<*d 
hy the* summary (*r|uation 

IMO,, i :jh\.s().i - HI : ;Mr,S()„ 

hut lli(* measur(‘d rate of this reaction does not in(*rea.s(' proportionally to the 
<*uhe of tlie H.^SO.j concentrat ion l)ut alnio.st exactly in ])ro])ortion to the tinst 
d<*^re(^ of its conc('ritrati<m, apparently contradicting tlu* I,.a\v of Alass Action. 

us assunu*, hovve\’cr, that the reaction uiuler consideralnui ])roc.(‘(*(ls in 
two stejis, so tliat first the HIO3 chanjj:es slotrly into iodous acid HIO.^ (as y(*t 
an unknown cointioimd) according to the e<juation: 

M IO3 j H 3S()3 H IO2 1- ILSO, 

and lli(‘ii HIO. reacts rery rapidly with H^SO-j lorming HI aiul hLSOj: 

HIO. 1 L»H.2S()3 Til } 2H2SOJ 
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hi this easi‘ tlu* obsvnrd mirtiou rate* will olivioiisly b(' (.k'tonniiied by thi* 
raU^ of tho fornx'r, slowi'i* jn’oross, i.o., aocordiii<>: to lh(> haw of Mass Action, 
it should increase j)ro])orlionally to llie first and not third ])ower of tfie eon- 
eiaitration of H..S()y. {Actually, this ri'aclion takes placid in an ('ven more 
eoinp]t‘x 1 Manner.) 

lnv('stigatinjis hav»' (‘stalilislu'd tliat most ^^ast'ous ri'aelions take ])lace 
iji a ver\- eoin])lex manner and do 7iot obi'v tlie J^avv (»f Mass AiaioJi in its 
simple form. Therefore, tht' conventional eliemieal reaction cajuiot ^ive a 
i*elia.ble idea, of how th<? reaction ralt' will clauif^e dcfw'jidiiijL’ on th(' eoMe<‘n- 
t rat ion, unk'ss supplement I'd by a st ud\ of the actual meclianism of the n^act ion. 

The in\t'sti^alions of the Hussian sei(‘nfist .\. Shilov were de\'t)ted to as- 
e<'rta,inm(*nt. <»1‘ I lie m<*ehanism of claanical reactions, tlie chief ])i*oblein of 
chemical kin«‘ti<-s. Shilo\' si udie<| the kinetics of' chtanical reai't ions in sohi- 
tien, jiai’f ieularl\, the mechanism of wliat are knovNiias ‘‘('on jugat<‘ react ions." 

If of tuo reactions with one conmuai particijiant 

(I) A ; B ^ .M and (ri) A ! (' > \ 

the second will imt j)roce(‘d without tht‘ tirsi, the reactions ai-t' called i‘on- 
juLiaie. 'I'he suhsiatice A, ]larticipatiinr in both reaelions, is called tin' actor. 
'I'he si;l)stance B, rce.ciiiijjf dir«-ctl\ with the actor, is calk'd lh(‘ iihiiictor. ami 
the sul.istanee ('. iv'aetiiiuj wilii A only in the pre.s<‘ji<'e of an inductor, is calle«l 
tht‘ acceptor. 

One of the e.Kamples <»(' ('onju;j:ate reactions is tlie oxidation of arsejions 
aciil .H.,,\s( l>y bromi«‘ acid IIIh*(.).jin the pri'seiu'e nf sulphni'ons acid. Ih’omie 
acid (in this case th<' acloin (‘xi<li/,es sulphurous acid, but iloes not ovidi/e 
arsenous acid <lii*ectly. JI(»\ve\<'r, if a mixture of sulphurous and arsenous 
{icids is ti’cated witli hromii* acid, both are oxidi/.(‘d. 

Shilov s theory (’\))laiiis the mechanism o(’<*onjuL’:ate reactions by tlu' fact 
t ha.1 a chemical reaitiou usually <lors nt»t lake' plact* iliri'ct 1\, aecorvlin^f to 
its summary tMjUcilion, but passes ihrouirh a series of intermediate sle])s. '■J’hu,", 
lor instance, the reaction betwien. bromic and sulphut'ous acids is exjuM'ssi'd 
summarily )»\ the e([uation 

HBrOy ! :}H.SOy :ni.SO^-; ]lBr 

This e»|uati'ai rcM’als only the general results of l lu' reaidion, lait fri\-(.s”no 
idea of its (ourse*. 'fhe HBrb)., moIe< ule can hardl\’ hi* i'X]»ected to ri'act with 
three mok i'ides of -IL^*'0;j at onc(‘. It is much more jirobable tliat the reaction 
actually talas jilace In .steps; 

IlBr().j i If.,SO., - |[,„S 04 i liBrO., 

HBr(b i- fO.SO.. JI.SO, -f 11 IbO 

IfBrO i n.,S().^ IkSOiMLlh- 

Bromic, acid itself cannot oxidize ansciions acid; liowi'vej*, oju' of the ijiti'r- 
inediate reaction products (for instance, HBrO.^ or llBrO) may lie capalik- 
ol doijiy .so. 'I’liis ac(M>unt.s for the fact lliat bromic acid oxidiz(>s ar.s(’nous 
ai'id only in the pre.sence of an inductor, namely 

'1 he abo\-e exanifik.' shovv.s that, in cojijugate reaidion.s the inductor a.(;ts 
ve/\ much Jiia* a catalyst, causijie a. rea.(‘ti<in wiiich will not take plac.<‘ in 
its ab.s<‘nc:e. fIow(n<‘r, a sharji line must he. ilrawn betweiai inductois atid 
catalysts: th<* former are used u]i during tiaj reaction whenxis the latter are 
not. 

A vtny iiR])()rlii])t factor for tl)(^ roaclioii rate, besides the corn^cji- 
tratioii, is tlic temperatnic. It has bocMi established l)^^ cxperiiiuMit 
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tliat the reaction rate iuci*oases two- or tlueefold for every ten-degree 
rise of temperature. Jf the tern])eratur(‘ is l()W(‘rcd the reaction rate 
decreases an ecpial nur»d)er of times. The factor showing the num¬ 
ber of times tlie rat-e of any definite reaction increases v^lien the 
tem|)erature is raised 10' is called the ft'mpfrafHre coejlic’unt of the 
reaction. 

Assuming the temperature coefficient of a reaction to be two. 
it will readily Ik^ found that if, for instance. th(‘ reactif)n takes ten 
minutes at O'' V it will take only 0.0 secoiuls at HKf' ('. On the other 
hand, a reaction conipkdxHl in ten minutes at lOO'" will take akout 
seven days at 0', }fenc(‘ it is clear that many reactions whicli ])roceed 
ra])idly at high temperatui-e, take placc^ so slowly at ordinary temper¬ 
ature, that they do not s(‘t‘m to us to tnk(‘ place at all (for instance, the 
formation of Avater from hydr(»gen and oxygen). 

Th(> ra])id growth of reaction rates with lising tempei*atur('s cannot 
be attnbut(‘d only to Ihe increase in the numl)er of collisions between 
molecules. According to th(‘ kinet ic t heory tlu^ vc^locity of th(^ molecules 
incr(‘asi‘s in proj>ortion to the s(juarc root of tlu^ absolute tcm]Krature, 
while tlu^ rat(‘ (.»f reactioji increases much more rapidly. It must b(* 
consider(‘d that a ri.s(' in t(‘m])crature not only caus(‘s more fre(|uent 
c'ollisions, l)ut incrcascvs thi* number of (effective; collisions resultnig in 
chemical interacti(»n as w<‘ll, i.e., incrcas(‘s the rt'lalive (juantity of 
active mok'cuk's. I'liis may Ik‘ attributed to tlu^ iket that as th(‘ tem- 
j)(‘rature rise's the moic<*ul(‘s b(‘com<‘ l<\ss stabk^ and therefore juore 
anu'iiakle to clnmiical rc'action. 

Finally, the third factm' which giAvitly iiitiuem'es the r(‘action rate 
is the ])i*(‘senc(* of catalysts, substance's \Nhich alte'r th(‘ reaction rate, 
themselves ivmaining chemically unchangtal and (piantitatively 
undiminislied after the rc'action. Usually the intliu'iice of catalysts is 
manifested in acceleration of the jeaction. Smnetiines the catalyst 
may increase the reaction rate one thousandfold and more. Uatalysts 
are, as a rule, tinely ground metals. 

In (H)nsidering the influence of various conditions on th(' rate of 
reaction we considered mainly reactions which take ])laee in uniform 
or lioiiiogeiieous systems (gas mixtures, solutions). Reactions in 
lieferugeiieoiis systems are much more complex. 

A ,s 7 /s 7 c 7 // ns' calhd h( tero(j( ncom if it corrsi^^t^^ of ttco or more compo¬ 
nents harlnif (lilfcn nt physical and chemical properties and separfded 
from o}te another hy interfaces. The separate uniform paj ts of a hetero- 
gcn(H)us system are called its phases. For instance, ice, wat(‘r and the 
water vaj)our abo\e them form a lieterogeneons system consisting 
of three ]>ha.s(‘s: solid (ice), licpiid (water) and gas (water vaj)Our). 
An a(*id and a ])ie(^e of m(*tal dri)])p('d into it form a system of two 
])hases, etc. 

-In a lieteiogeneous system the reac'tion always takes ])lace at the 
interfa(*e Ixdwec'n two phase's, since only then' do the juok'cules of 
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both ])liases collide. For this reason, besides the above three factors, 
the velocity of a heterogeneous reaction depends on th(> surface area 
of contact between tlie reacting })hases. An}^ increase in the surface 
area leads to an increase in the reaction rate. For instance, ])ulverized 
coal, having a large surface area, burns much more rapidly than lump 
coal; metals dissolve much more quickly^ in acids when linely divid¬ 
ed, etc. Another important factor influencing the rate of a hetero¬ 
geneous reaction is diffusion, by virtue of which fresh ]>ortions of the 
reacting substances are brought to the phase I)Oundarv. The velocity 
of a reaction can be increased considerably by artilicially accelerating 
diffusion through shaking, mixing or stirring. 

(53. Cheiiiic.al Fipiilihrium. Many chemical reac^tions ])r()ceed in such 
a way that tljc initial substances are transformed entirely into the 
reaction ])roducts, in which case we say that the reaction is complt^fe. 
Thus, when potassium chlorate is heated it changers entirely into 
potassium chlorid(^ and oxygen: 

2KC1()3-2K01 i 30, 

The reverse reaction, namely, the ])roduction of potassium chlorate 
from ])Otassium cliloride and oxygen, has Lx^en found impossible to 
effect, at least, under any conditions known to us. Reactions of this 
kind are called practically irreversible or one-way reaelions. 

Of a different nature is the reaction between hydrogen and magnetic 
iron oxide. If we pass hydrogen over heated iron oxide the latter 
changes into iron, while the hydrogen combines with (>xyg(Mi of the 
oxide to form water : 


FC3O4 i 4H2-3Fe ! 411,0 

On the other hand, if powdered irori is subjected to the action of 
water vajx)ur at the same tem})erature, magmatic iron oxide and hydro¬ 
gen result. This reaction is expres.sed by th(^ sanxi equation as abov(L 
read fVom right to left: 

3Fe j- 4 H 20 -Fe 304 -| 4H, 

Thus, two dii-(>ctly oj)posite reactions take pla(;e at the same tem¬ 
perature: the iron oxide reacting with the hydrogen changes into iron 
and water vapour, and the latter react to form iron oxide and hydro¬ 
gen again. 

Processes which can take place in both directions under the same 
conditions are called reversible. 

'To show' that a chemical j)rocess is reversible, the equality sign in 
the equation of the reaction is replaced by two arrow's pointing in 
opposite directions : 

Fe 304 -f 4 H 2 ^2: 3 Fe + 4H,0 
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riie reaction proceeding from left to right is conventionally called the 
torwani reaction and the op})osite reaction is called the reverse, or 
back reaction, 

A characim^^fic feature of reversible reactions is that they are. not 
complete uiiless the resultants are removed from the sphere of reaction 
((\g, reactions heticeen gases in a closed vessel). Even though the reactants 
may bo taken in equivalent quantilics, they are nev'cr used up com- 
pk'iely to form the reaction ])roducts. "flic reacjtion j)roceeds only to a 
certain limit and then api)arently stops. 

To illustrate this ](d/ us consider a concrete example. At a high tem¬ 
perature carbon dioxide and hydrogen react to form carbon monoxide 
and water. Hiis reaction is reversible and caii be express(‘d by the 
equation 

(X). + V[.,^VO \ 

It has b('on established by ex]>eriment that if* one gram-molecule 
of carbon dioxide is mixed with one gram-molecule of hydrogen and 
the mixture heated to 1,200° C the reaction limit will be reached 
as soon as 0.6 gram-molecule of carbon monoxide and an equal quan¬ 
tity of water vapour form. Hence, of the initial su})stances taken, 
0.4 grain-molecule of carbon dioxide and 0.4 gram-molecule of hydro¬ 
gen remain unchanged; 

COa i It, CO - H.,() 

Ijiilial qiuuitilies of rcaelant<s (in gram- 

moles) .. 1 I 0 0 

(Quantity of subst ances aft (‘i* react ion limit. 

is rc'ached (in gram-moles). 0.4 0.4 0.6 0.6 

It Avill be readily understood that the “cessation” of the reaction 
in (piestion is due to the functioning of a back reaction. Indeed, after 
the carbon dioxide is mixed with the hydrogen, a reaction sets in 
between the two resulting in the formation of carbon monoxide and 
water. As this reaction ])roceeds the concentration of the initial sub¬ 
stances decreases, so that the reaction rate becomes slower and slower. 
At the same time tlie back reaction becomes possible. The molecules 
of carbon monoxide and water colliding with one another can recom¬ 
bine into molecules of carbon dioxide and hydrogen. At first, while the 
number of carbon monoxide and water molecules is small, they collide 
rather rarely. But as the molecules of these substances accumulate, 
the collisions become more and more freepient, gradually increasing 
the velocJty of the back reaction. At length the velocity of the back 
reaction becomes equal to that of the forward reaction, i.e., the num¬ 
ber of molecules of carbon dioxide and hydrogen disapi^earing in each 
unit of time becomes equal to the number of them reappearing as a 
result of the back reaction. From this moment on the concentrations 
of all four gases remain unchanged, despite the fact that the initial 
carbon dioxide and hydrogen have not reacted completely. 
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If WO began with oarbon monoxide and water insteacJ of carbon 
dioxide and liydrogen we should liave come to the same result. 

A stale (if a system of rractimj sabstaiurs iv which their Cimeentrations 
do not chaniie is cathd rhemicdl (‘(/Hilibriam. (Iiemieal e(|nilibrinm 
is attained wlum tl»e rate of the forward reaction l)ei;om(‘s ecjiial to 
that of the ])a.ck r(^ac*tion. 

The reaction apix'ais to hav(‘ ceased. Ihit actually this is not the 
case; both leactions continue to proceed, but one of them cancels 
the results of the oth(*r. 

Since chemical (‘(juilibrium is not due to cessation of the reaction 
but to ecpiality of tin* rates of two opposite* processes, it is essentially 
a dynamic eepiiiibrium. It can be com])ared. for instance, Avith the 
(‘(|uilibrium of water in a r(‘servoir wliich is l)eing simultaneously 
tilled and disc^harged. If the amount of wat(‘r entering the reservoir 
eepials the amount tlowing out of it. the* (plant ity of water in the reser¬ 
voir will stoj) changing, just as the (piantity of (*ach of the sul)stanc(\s 
stoj)s changing Avhen chemical eepiilibrium is ivached. 

A chemical ecpiilibrium. once (‘stablished between any given sub- 
stanc(^s, will last iiuh'fmitely if the conditions remain unalti*red. P>nt 
a change in (*oncentralion of even one of the parti(*ij>ants will imme¬ 
diately disturb the e((iiilibriuni of the rea(*t ion and cause chang(‘s in the 
concentrations of all the other substan<x*s as well. 

For instaiH^e, suppose some additional carbon dioxide is intn)diic(‘d 
into a vessel containing carl)on dioxide, hydrogen, carbon monoxide 
and water va])our in ecpiilibrium with (*ach other. 'I'he increase in the 
concentration of the carbon dioxide will obviously accx'Icnate the left- 
to-right reaction, making it ])redominate tem|)orarily o\'er tlu^ back 
reaction. As a result of this, the concentrations of carbon dioxide 
and hydrogen gradually b(>gin to decrease, while those of carbon 
monoxide and water inciease. This change in cMincTritrations will cnin- 
tinue until the' acc-umulation of molecules of carbon monoxide and 
water on the one hand, and tiie disappearance of carbon dioxide and 
hydrogen on the ()th(*r, ecpialize the velocities of both reactions. Then 
e(piilibrium is restor(‘d, but now with different concentratujns of all 
four sidistances. 

The chanrje of concentration caused by a disturbance of CAjuilibrium 
is called a. displacement or shift of ('/fuilibrium. Jf the (X)ncentrations 
of the substances in the right lialf of the (upiation increase (of (course, 
with a eorres])onding decrease in the concentrations of the substances 
in the left), Ave say that the equilibrium has shifted to the rujht or in the 
direction of tlie forward reaction; if the concentration undergoes the 
opposite change, we say that the equilibrium has shifted to the left. 
For instance, in the above case the equilibrium shifts to the right, 
as it is the concentrations of the (;arbon monoxide and the water that 
increase. 

Noaa^ let us exjiress the condition of equilibrium in mathematical form. 
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SiJ])p()se we heave a reversi})lo retactioti expressc'd })y (he genc‘nil 
ecpiatioii: 

A I B 

wliere A and B are two siil)staiie(‘s which react to form two new siil)- 
stanc(‘s (• and I). Ii(‘t the eonetmtrations of these snl)stan(?(\s be, 
res])ectively, [A|, |B|, |('|. and [!)]. Suj)j)ose the rate of the r(^action 
proceeding in the dire(d.ion of the upper arrow is r,. and t hat of the re¬ 
verse reaction r.y. Sin(*e tlu‘ r(\‘ictio]i rat(‘ is proportional to the ])]*odiict 
ol the concentration of th<‘ reacting snbstaiices, then for the forward 
j(‘action 

r,- A',-|A]-|B| 


Similai'lw for the back r(^action 


When e(|nilibrinm is establislu'd the velocities of both reactions 
become otpial, i.e.. 

A\.[A].|IM- A',-|<'l [r)| 

Modifying this e(piation we get: 


.dd'IBJ A'. 
[AJ-Li^J X 


Since /\ j and urv constants, tlieir ratio is also a constant. ].)eiu)t- 
ing it by A", we have: 


(CJ.|I>1 
[A] • fBJ 


- A 


where |( \|, [D], | A J and j BJ denote the concentrations of the respective 
substances in ecpiilibrinm. 

Tlie constant K is called the ec{uilihriiijn coiistaid. It is a value 
chara(‘teristic for eacli reaction and does not depend on the con¬ 
centration, but A'ari(‘s with the temperature. Its ])hysical sense will 
easily be understood if we remember tliat it equals the ratio 
and therefore shoAvs by Iioaa^ many times the A^elocity of the forAvard 
I’eaction exceeds that of the back reaction at ecpial tcm])eratures 
and with unit concentrations. 

The above equation is the mathematical expression of the LaAV 
of Mass Action, applied to rcA’^ersible reactions. Its sense may be 
formulated as folloAvs: 

In reversible reactions equilibrium, is attained when the 'product of 
the. concentrations of the resultants divided by the product of the con¬ 
centrations of the reactants equals a certain constant value for the reaction 
in question at a given teniperattnr. 
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If move than ono molecule of each of llie substances is involved 
in the reaction: 

///A -f — pc f- ryl) 

the (‘(juation of tlie equilibrium constant becomes 

[CF • [1)1'/ 

If there are solids ])artici{)ating in the reaction their concentrations 
are not included in the expression for the equilibrium constant for 
the sanu‘ reason that they are not included in the ex])ression for 
the rat(' of reaction (see ]). 177). Thus, in the case of th(>i reaction 
betv^’een carbon dioxide and heated coal 


COo I C ;± 2(0 


the ecpiilibrium constant is expressed as the ratio: 


/v- 


ICOF 

ICC),] 


The e(piilibrium of t he above reaction can be disturbed only by 
(•hanging tlie concentration of carbon dioxide or carbon monoxide: 
iK'itluu- inci-ease, nor decrease of the (quantity of coal can influenc-e 
the state of equilibrium. 

Using the ecpiation for the equilibrium (constant, we can easily 
determine \vhi(4i way the equilibrium will shift if the concentration 
of any of the reacting substances is changed. 'J'his can be shown. 
})y way of cxam])le, for the reaction between carbon dioxide and 
hydrogen considered above. 

The equilibrium constant of this reaction is expressed by the 
('(piation 

[coj. i ir,()] 

Lc3cbi -iH.l 


Su])p(js(^ that after equilibrium was (\stablishfMl, we increased the 
(M)n(ientration of hydrogiMi in the gasc'ous mixture. Sin(?e the ratio 


[CO] . [IT,()J 

'[(^oj .Iptg- 

must remain constant, increasing the denominator of the fraction 
(the concentration of hydrogem) disturbs the equilibrium and will 
acc(^l(Tate the reaction leading to a decrease of the denominator 
and a simultaneous iiicacase of the numerator, i.e., the reaction of 
transformation of carbon dioxide and hydrogen molecules into mole¬ 
cules of carbon monoxide and water. When, as a result of this the 
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previous ratio between th(i reacting substances is reston'd. equilibrium 
will again be established, but now the concentration of carbon dioxide 
will be lower than it was before the hydrogen was added, while the 
concentration of wat(T va]){)ur and carbon monoxide will be higher. 
A similar result would obviously be obtained if we increased the 
concentration of carbon dioxide (as established above) or if we de- 
(a’cased the concentnition of cai*bon monoxide of waiter va])our. In 
all these cases the equilibrium shifts towards the formation of carbon 
monoxide and water vapour. On the other hand, increase of the 
concentration of carbon monoxide and water va])our or decrease 
ol the concemtration of carbon dioxide and h^'drogen will cause 
the o]>posite effect, i.e., <an equilibrium shift towards the formation 
of new^ quantities of carbon dioxide and hydrogen. 

"fwo very important (um(‘lusions can be drawn from all this. 

1. In order to use uj) one of the reactants of a reversible reaction 
more completely, aji exccsss of the other reactant must be used. 

2. If one of the T■esultauts is removed from the sphere of reaction 
as it forms, the equilibrium will shift towards the formation of that 
product, and thus the reversible r(‘action can ])ractically be completed. 
For instance, if the w ater formed as a result of the reaction between 
carbon dioxide and hydrogen is continuously removed from the reactiem 
mixture, these gases can be completely converted into carbon monox¬ 
ide and w^ater vapour. 

Likewise, when hydrogen is passed over heated magnetic iron 
oxide (see p. ISO), the latter is completely converted into metallic 
iron, as the watei’ vapour formed during the reaction is continuously 
removed from the sphere of reaction togeth(?r witli the excess of 
hydrogen. In a closed vessel this reaction will not go to completion. 

File constancy of the ratio betw-een the concentrations of reacting 
substances at e(|uilibrium makes it possible to carry out a number 
of very important calculations. (Jiven below" are se\eral typical 
(‘xanqiles of such (calculations for simple reactions. 

Example I. A n'vcrsiblc roactitm is expressed by tln' equation: A-i- H 2C. 
W'lieii equilibrium was attaiiunl th(‘ eoneenlrations of th(' three substancces 
wer<‘: | A J - (ir| -■ 3 moles per litre; |(jj - 4 moles per litri'. Kind the; equilibrium 
eonstaiit and the initial eoneeut rat ions of A and B. 

'riu' equilibrium eunstant of the afH)ve rem-tion is given by the e(|uation 

■ 1A.I -ib;! 

Su})stitutiiig the eoneent rat ions into this equation, we find: 


To determine the initial concent rat ions of A and B, it must lui t aken into 
account, that acewding to the (*quation of the redaction one molecule of A 
and one* mol(>ciile of B react to form two molecules of C. Hence it follows that 
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the foriniitiori of four jimlt'K of ivtjiiirus llit^ ex]H‘ii(lituiv of two i»iol<\s of 
A Mild two nK)l(‘S of n. Thus, tlio iiiitiul ooiujoiitmlions of A and H won* fivo 
inoli‘s |)<T litre each. 

Example. 2. The i‘(|uilibriuin const ant for flic r<‘Mclion A j 0 { 1) cfjUMls 

two. (’oinputo th(^ concentrations of tlio four substance's at; eqiiilifiriuni if 
the iriilial coiu'cntrations of A ainl l.i were; 

|A] 5 moles ]M‘r litre'; fjij I mole per litre'. 

It can I)'- se'e'u from tb<' (‘(juation of (lie i'<*ai*tion that eaa' L;ram-mole'e*ult‘ 
of (’ anil one of 1) are' formed from e'ae-b i^ram luoli'cule of A ami lb Li't the' 
numIxT of moles eif A ami 15 tliat ha\e n'ae'te'il be' .r. 'J'hen the (*oncent rat ieins 
of <ill four substance's at e'epiiiibrium will be* us IblKews: 

[C\--\D\-..v: [A| - 5 -.r: [I5| 1 r 

Substitutinjj: the'sei \alue's into the' e'(|uilibrium e'e>nstant e'ljiiation we* ge't : 

■2. --- ; - 12.I' ^ 1(1 -0; :r, - 11.1; (I.!) 

(5.-.cl ■ (I ..r) ■ . > I 

1 )iscareliiLg tlie* first I'oot as imj>ossibl<'. we' line! the* ceene'e'iii rat ion at e'ljuiiibrium : 
!('j } I)] - O.h moles ](» r liti'e*; (.\]^-4.] me)l<*s pt'r lit i*e; [P>J-. i). I moles pf*r lit re. 

It is e'usy to se'e' thilt umler- these' e'e in< lit ions 

,> 

iAJ .|I5) ^ 

(il. Ia* Chalelior-s Priindplo. Having (examined tlio iiilliientv of 
cliaiigos in concentration of the r(‘acting sidistanecs on the slate of 
eqnililn’iunt. wc can now consider the inflncnce of changes in tcin])or- 
atnre and jin^ssure on e(][iiilihriiim. 

I’aisitig the teinfieraturc acccl(*ratcs all clienncal reactions in general, 
l)ut the acceleration is different witli different reaetions. Jn most 
cases the velocities of the forward and hack reactions do not change 
etpially and one of tlnm) begins to ])rocetal more I’apidly. Howtner, 
accnmnlation of the residtants of tfie predominating reaetion on 
the one hand and disa])])earanee of its reaetants on tlu* otlua-, gradually 
equalize the rates of both processes. Thus equilibrium is re-estahlislied, 
hut now with other concentrations of each of the substances than 
before. Hcikk' it follows that each temperature has a corresponding 
state of equilibrium, just as, for instance, each temperature has a 
correspondhig solubility of substance. 

Th(‘ direction in Avhich the equilibrium shifts due to tenqjerature 
ehang(\s is determined by t he Law ol* Vaii’t llofF, which applies to any 
system in equilibrium: 

If the tevipcraiiira of a Hystem in efpiUihniwi changes, an increase 
in the temperatnre ivill shift the equilihrlurn in the direction of the 
jrrocess during ivhich heat is absorbed, and a decrease irill shift it in 
the opposite direction. 
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In relation to reversil)l(^ (ilioinical |)iocess(^s, this means that a rise 
in t-cin])eratnre causes a shift of ec^uilihrinm toAvards tlie ondothermal 
reaction, while a decrease in t(‘nn)eratiire will shift the equilihriuTn 
in the rev(>rse direction. 

Here are some exajiiples: 

Hydrogen iodide decomposes, w hen Jieated, into iodine and hydrogen. 
The r(‘action is reversiljle and at liigli temperatures jwoceeds fi*om 
l(*ft to right with the al)sor|)tion of lieat: 

I:2(^al. 

If the t(‘m])eratiire is raised, (ho etinilihrium sliifts to tlu‘ rigid, 
llu* concentration of hydrogen and iodine in tlie mixture increasing 
aiul that of hydi’ogen iodid(‘ decreasing. 

Atif/ dfcom posit ton of suhsfonrv is colhd dissociofion in 

vlivmisfrjf. If the decom])ositi()n is due to licat it. is called ilinniol 
dissoriofion. 

Many (dhei- substances dissociate upon h(‘atijig just like liydi'ogen 
io(Iid(‘. In all such cases raising tlie temiHn‘atvire, in accordance 
witli the Law of A'an’t Hoff, in(*reases the degree^ of dissociation 
(i.e., the relative (piantity of decomposed substance), shifting the 
(•(juilibrium towards the formation of the dissociation products. 

An exain]>le of a reaction ])roce(‘diiig with evolution of heat may 
be that of the formation of sulphur trioxide from suli)hur dioxide 
and oxygen: 

i- O. 2S().,M- Ih.S (Ail. 

In this case raising tlu^ tom]KTature would shift the equilibrium 
to the left, iis the back reaction, obviously, ])roceeds with absorption 
of heat (see. for instance, ]>. (ill). '^lo .shift the equilibrium to the right, 
i.e., to increase' the eontc'ut of SOg in the i-eaction mixture, the temj)er- 
ature should be lowen'd. 

The Law of X^iift Hoff is a [)articulai- case of a more general law 
determining the influence of various factors on an ecjuilibrium system 
i’,nd known as Le (/haielier’s rrinciple, Tn application to chemical 
e(juilibrium it may be formulated as follows: 

A chantfe in any of the conditions of the. chefnical equilihriuni 
of a systan, such as temperature, pressure or concentration, will 
shift the equilihrium in the direction of the. reaction opposinq the 
change. 

Applying this principle to a change of temperature, we see tliat 
a rise in temperature should shift the equilibrium in the direction 
of the reaction wdiich wall lower the temperature, i.e., wdiich proceeds 
with the absorption of heat. LoAvering the temperature causes a shift 
of equilibrium towards the reaction during which heat is evolved. 
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A rhaiige in pressure due to eoiu])rcssion of the reaction mixtun' 
will result ill a shift of equilibrium if gaseous substances are involved 
in the reaction. ]n such a case, according to the Princi])le of Le Cha- 
telier, the equilibrium should shift in the dir(;ction of the reaction 
Avhich weakens the change made, i.e., decreases the ])ressure it* it 
w^as increased, and increases it if it w'as decreased. But in a closed 
space at constant tem])erature the reaction can change the pn^ssure 
only if it leads to a change in tlie total number of molecuiles of gaseous 
substances. For instance, the reaction of formation of jiitrogen dioxide 
from nitric oxide and oxygen at a high tem])eratui‘e is reversible 
and is not complete: 

2NO2 

Since only two molecules of nitrogen dioxide result from two molecules 
of nitric oxide and one of oxygen, the transformation of nitric oxide 
and oxygen into nitrogen dioxide in a closed vessel wdll obviously 
cause tile pressure to dro]). The back reaction, namely, the decom- 
])osition of nitrogen dioxide into nitric oxide and oxygen, will lead 
to an increase in pressure. Therefore, if we com])ress the gas mixture 
after equilibrium has been established, thus increasing the pressure, 
then, according to Le (batelier’s Princi])le, after the (Himiiression 
the equilibrium w’ill begin to shift to the right and the pressure will 
again de(‘r(iase. On the contrary, if we allow’ the mixture to occupy 
a larger volume, thus lowering the pressure, the equilibrium Avill 
shift to the left, as a result of which the pressui’e Avill again rise. 
Thus we come to the folloAving conclusion: 

Increamng the preSfSnre shifts the equilihriurn toicards the formuiion 
of a smaller number of (jas niolecides; decreasing the jinrssnre. shifts 
it towards the formation of a larger number of gas wolecnles. 

Of couT’se, if the number of molecules of gaseous substances does 
not change during the reaction as, for instance, in the reaction 

CO. ! H2.*:CO-i H 2 O 

neither inci’case nor decrease of the jrressure Avill disturb the equi 
librium.* 

Finally, it will readily be seen that equilibrium sliifts caused by 
changt\s in concentration of the reacting substaiKH^s also obey Le 
Ohatelier’s Principle. Indeed, if w’e increase the c-on cent ration of 
oiK^ of the substances involved in an e(|uilibrium, the latter alw^ays 
shifts in the direction of the reaction reducing the coiujentration 
of the same substance. Ff)r instance, in the reaction between carbon 
dioxide and hydi’ogen an increase in the concentration of cai’bon 

* 'J'h(3 same coiielusiou can be derived from the Law of Mass A(;tion, as 
a change in ])r(^ssiir(* r(‘diic<*s essentially to a ciiange in concentration of the 
n‘act ants. 
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dioxide will sliift the ecjiiilil^riuiii towards tlu^ forjiiation of carbon 
monoxide and watc^r va])onr, thus ])i‘inging the concentration of 
carbon dioxide down again. On the other hand, lowering the con¬ 
centration of any of tlie substances causes a shift of equilil)rium 
towards the formation of that substances 

Introduction of a catalyst into a system at (equilibrium does not 
alter tlue state of e(|uilibrium, as the catalyst ac(?elerates the forward 
and back redactions ecjually. AhwcM-theless, the role of catalysts in 
r(^v(wsible reacitions is very gieat. At low temperatures owing to 
the low velocity of reactions, equilibiiiun Ixitween the reacting 
suhstances is usually attained very slowly. AVe would have to wait 
a long time for a considerable quantity of reaction products to form. 
Of (course, ecpiilibrium could i)e reaeluMl more quickly by raising 
the temperature, but if the formation of the ])roduct interesting 
us leads to th(^ liberation of heat, the (|uantity we should obtain 
in this way would be very small, siiic^e at a high temperature the 
equilibrium would be gr(datly dis|)laced in the direction (jf the back 
reaction. Catalysts make it ])ossible to ac(>elc‘rate the attainment 
of equilibrium without raising the tenqxwaturc^ and thus to obtain 
tlie same quantity of substance in less time. 



CHAPTMH IX 

I! YJ> K O^iiE N 

<>5. Ilvdro^'on in >iafiiiT. Hvdrogoii {H\ thogouiiim: at. \vt. l.Ons) 
ofciii.s ill tlio free state in hut lu^^Iigihle (|uautities, luainly in 
uj)|K‘r iayc'PS ot the atmosjihere. Snnu^tinu's it escapes tog(*ther uith 
other gases during \<>leanie erujitions. as as from drill ho!(*s 

dining the extiaetion of mima'al oil. But hydrogen is very abiuidant 
in th(' form of eom|)ounds. This is evkhait li*om the fact that it 
constitutes one-ninth of Mater hy Meight. .Besides, hydrogen is found 
in all vegetable and animal siibstan(*es, is a constituent iiai't of 
miniM’al oils and many otiua* mimu’als. Alt(>g:(‘t Ium‘, hydrogen const i 
lutes a])]>ro.\imat(‘ly ou<‘ jki* i‘<‘nt ot‘ th(‘ (‘artli's crust, including 
water and air. 

HydrogiMi Mas diseoM ied iii the early X\T cmitury by Paracelsus. 
Ill ]77t» the Knglish eliemist ( avmidish established its |>roj)erti(‘s 
and ])ointtal out th(‘ features distinguisliing it from otlaa* gases. 
Lavoisi(‘r was the iii’st to piepaii^ h\(lrog(‘n from Avatei*. and hi‘ 
jU'OM'd that Malei* is a cliemical eom]H)Uiid of hvdrogen ami o.wgen 
(.I7s:}). 

(H). Prepiiraliun ul* Hydrogen, The hyilrogen atom consists of a 
nucleus and one (‘l('ctron. Hydrogen atoms form more or l(\ss polari/ial 
co\alent bonds Mith tli(‘ atoms of non metals. In somi^ of these com 
pounds (Hotb HPI. (‘t(\) the state of the hydrogen atom is clos(' t(> 
tha.t of th(‘ ion H ■ . 

The chief source for the pre|)aration of hydrogen is w atei*. li xdrogmi 
can be pr(‘pared from it by making us(‘ of t!ie ability of many metals 
to disjilace Jivdrogen fi’om Avater, forming hydroxides or oxides. The 
alkeJi metals sodium and ])ota.ssium, as Avcdl as calcium, liarium and 
otiuu s. i-eact Avith Avater \ cry j*eadily at ordinaiy t(‘m])(‘i*atiut‘s. 

if a piece of sodium is di'ojiped into a dish of water a a iolent 
ri'action (uisues; the sodium darts, s])uttering. to and fro over t!u‘ 
surface of the watcu*. liberating hydrogen. So much lieat is gi\en oif 
during this ri'action that th(* sodium melts into a ball Avhich rafiidly 
diminishes in sizi* and soon disappears altogether (Fig. dti). Some¬ 
times so much heat is given (df that the hydj*ogen liberati'd bursts 
into llanu'. 
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Tlio reaction between sodiujii and 
equation 


2Na I 2H,0-2 


water can be expressed b}' tlu^ 

NaOH i H, 


This reaction consists essentially in a sodium atom losing an (electron 
to a liydrogen ion of the water molecule and tiirning into a positively 
(jharged ion. Thv. latter becomes part of NaOH, while the hydi'ogen 
ion turns into an atom Avhich sul)se(|neiitly combines with another 
hydrogen atom to form an m()lecnl(\ 'fhe r(‘action with potassium 
and calcium ])roceeds analogously. 

()l,h(?r metals b(‘sides those mentioned also react wit^h water, but 
at higher tempei'atures. Thus, magnesium displaces hydrogen from 
wat(vr at the boiling ])oint ot the lattcT, zinc and iron -ojily when 
h(‘at(‘d in a stream of watei* \ apour. In all these (^ases the hydrogen, 
which is in a stat(‘ close to that of liydrogen-ion, gains elections 
from th(‘ atoms of the metal and linos into lumtral atoms. 

Tlie folloANing are th(‘ chief methods of 
])ri‘paring hydrogen for industrial purjioses: 

1. '.riie f^dlfotL based on the re 

action between iron and ^^al(‘r va]K>ur when th(‘ 

Jattei’ is |)assed ovcm* lieat{‘d iron turnings; 

;iFe r tlloO.^ tVaO, ; 4 1L :i;i.(;(‘al. 

'.riie reaction is rcncjsible and pro(^(‘cds uitli 
evolution of h(‘at. from left to right. Tlu-refore, Fig. Si>diinn hall on 
according to L<‘ diatclier's l*rimMj)lc. tin' lower tIn-surtnnt* (H wairr 
the tem])eratur(*, the mor(‘ tlu‘ equilibrium will 

sliift towards th(‘ formation of hydrogim. Ilowi'vcr. at low teinpera- 
tures eipiilibrium is (‘stabli^hed too slowly, owing to the very low rat(‘ 
of the r(‘action. For this reason t he j*eaction is accomplish(^d in ])ractice 
at tenqieratures not under TtMb C. At Too (" the c(|uilibrium mixture 
contains a|)proximately eijual A'olumes of hydrogen and water va- 
])oui', i.e., half the steam put through remains unused. Sin(*e the* 
hydi’ogen formed is I’CMiioved immediately from the sphere of reaction 
together with the exci'ss of water vapour, tlic process goes on con¬ 
tinuously until all the ii-on is coin'ert(*d to magnetic iron oxide. 

2. The conversion nicfliod consists in ])assing wat(‘r va])()ur through 
a layer of heat(‘d coal; 

i J-LO-CO ! Ho 



The resulting mixture of earbon monoxide and hydrogem is known 
as water gas and can be used as gaseous fuel. If the process is (‘ai ricd 
out for tlie purpose of obtaining hydrog(‘n, the carbon monoxide is 
jemoved from the mixture* l)y ]»assing it over heated fcTric oxide 
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together with steam, the ferric oxide acting as a (catalyst. Tlie (carbon 
monoxide reacts with the w^ater vajiour forming hydrt^gen and carbon 
dioxide. This reaction, (*alled conversion of carbon nionf)xide, can be* 
represented by the equation 

(Ho) i (X) + lf,() ^(‘(>2 i Ho i (Hs)-!- 10.2 Cal. 

At a low' temperature the equilibrium favours the forw^ard reaction, 
but as the temperature rises, it shifts tow ards the formation of the 
initial substances. 

Since the rate of reaction is high enough only at tem])eratures not 
under 450^ (!, steam is added to the water gas in mii( 4 i greater 
amount than required by the equation of the reaction, as a result 
of whi(!li the ecpiilibrium remains great ly disj)Iaced to the right in 
sj)ite of tlie high temp('rature, thus raising the degree of conversion 
of cai’bon monoxide. 

The carbon dioxide formed as a result of conversion is se])arated 
from th(^ hydrog(‘n by washing the gas mixture with water under 
a pressure! of 20 atm. To finally ])urify the hydrogen it is passed 
through, s('V(‘ral mor(‘ solutions w hich absorb all its im])nrlties. 

Large quantities of hydrogen used to ])roduce synthetic ammonia 
are prepared in this way. 

3. Df pp freezing of coke-oven gas. When coal is heated without 
access of air to 000 '-], 20 ()“ a gas is prodiuxxl known as coke-oven 
gas, which is a mixture containing about 50-00 ])er cent hydrogen; 
the solid residue is coke. To extract th(‘ hydrogem from the coke 
gas the latter is coohnl until all the gases except hydrogen se])arat(> 
out as li(|uids. 

4. Electrochernteal 'method. If there is a soinee of cheap (dectric 
pow'(!r at hand it is e(!onomi(^ally feasible to produce hj^drogen from 
watei’ by decomposing it with (dectricity. The advantage of this 
nudhod is the high purity of the product. About 18 per cent of the 
world ])roduction of hydrog(*n is obtaiiuxl l)y this method. 

Another raw mateiial for the ])rodiiction of hydrogen wdiicdi has 
been usixl jnore and more (extensively in the past'fifteen years is the 
methane of tlu^ natural gases evolvod in oil refining. In 1940, 5 per 
c(Mit of the hydrogem employed for ammonia syntluxsis in the U.S.A. 
was obtained from this new raAv material; by 1945 this figure had 
ris(Mi to 45 ])cr cent and by 1953 to 66 ])er cent. 

Hydrogen can be pre]iared from methane by various methods: 

1 ) by thermal decomposition of methane: 

Cdl^^-^C-I- 2Ho f 18 Cal. 

2) by the Ti^action Ix'twxK'ii methane and water vapour: 

CH^+HoO-CO ! 3 H 2 — 49 Cal. 
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ti) l)y tlu* reaction hetwoon inctlianc and (aihon dioxide oj* a 
mixture of* (^arlam dioxide and wafer \aj)our; 

(H, i ('(y> 2i\} ! - f)O.I (’al. 

i J UH.O 4(t) ! :{Ho loS.Of'al. 

4) l)y llie oxidation of imdliane: 

2 (:\\^ \ (). 2(H) ; 4H. i lf>.l Cal. 

In all th(\se methods exe<‘])t the first the f^aseoiis mixtm*es obtained 
contain a eom])arativ(>ly large amount of (*arl)on mojioxide. To in- 
ci-('ase tbe hydrogen A’ield thes(' mixture's are' subjected to eemvei'sion 
Avith wateu- vajxjui*. 

If tlie hydrogen is not eonsume'd on the spot it e^an be trans|)orteel 
in a e-iorn presses I state in stee'l e*ylindeTs in which it is ke'jd. uneleu* 
high pi-essure. 

Hydre)gen can be ])ie])aTeel in the' laborateny by the actioJi of 
elilute sul|)huric or hyelrochlorie aead em /.ine?: 


Zii -r ILSO^ ZnSO^ ^ II. 


ireni may be used insteael of zinc, but in this case the reaedion is 
mue4i slower. 

Hyelre)geji ])roeIuc^eHl f)y the action e)f acids on zinc and othen* metals 
always e;e)ntains Avater \a|)e)ur auel ejentain other gaseous imj)urities. 
If dry hydrogen is require'd tlie gas is freed fre)m Avater A'ape)ur by 
passing it through eoncentraie'el sui])hu! ic aciel, Avhich absorbs Tne)isture 
aA'idly. To remoA^e other adniixture>s solutions e)f various salts are 
use'el. 


(i7. rropertie^s ami I’ses ol‘ Hydrogen. At orelinary tem|)e>ratures 
hyelrogen is a e'olourless, odourU'ss gas. Bele)w —240"^ (’ liyelre^gen 

e\an be converteel under ])re'ssure inte) a colourless ^_ 

liejuiel. If this lieiuid is ra])ielly evaporated se)liel S. 

hvehogen re'sults as eM)lourless crystals melting at / \ 

' 1^00.4” ' f m m ) 

Hyeire)gtm is the lighte'st e)f all gases; it is alme)st I J 

14.5 times lighter than air. ()ne> litre' ed hyelreAgen V / 

at S.1\P. Aveighs only i).m grams. Hyelre)ge'n is Aery _ / 

slightly soluble in water but dissolves in (consider- 57 
able quantitie'S in c‘ertain me'tals. such as ])alhuiium, of hydrogen 
|)Iatijium and otiiCT's. One aoIuiuc’: of })alladium is inok^fuilo 
(^^l])ablc of dissolving u]> to tXM) volumes of hydrogen. 

The hydrogen molecule consists of tAvo atoms linked together by 
a duplet of ekudrons rotating about the nuclei of both atoms. The 
structure of the hydrogen molecule (Fig. 57) is similar to that of 




IX. JlYJyROGKN 


li)4 

the h(‘linni atom, for wliicli reason hydrogen is inert at ordinary 
tenif)eratures. At higher teni])eratiires tlie twnd between tlie atoms 
is weakened and liydrogen becomes active. 

iett'n’stin*? airinjig th<* pli\sicul profirrtics of Jiydrojjfoji is its 
sjn‘(‘iiic h('at, \vhi(‘li is cotisiclorahly l(»\v(‘r at l(nv t('in])('ra1 iiros tlaui might taivr 
iKvn ac(M n’diiig to tin* kim*t ic tlH'oryot gasrs, 'I’liis is duo to the exist tawM' 

of two modifications of liydrogen known as orthoInftinxjvH a,nd futrahydrocfvh, 
Hotli modifications consist of IE nuilccnlcs and liaA'c idiaitical chemical ])i*o]» 
(*rti<*s, hut differ sornewliat in s]>e<*ific heal, melting and lioiling ])oints and 
sojne ottier jifusical ])roperties. "I’fiis difftTcnce is due to th(‘ fact that tla* 
hydrogen nuclei (protons) of the H.j molecule rotate* aromnl their ax(‘s in 
the same* dire'ction in o/7/a.>]iydrog(.‘n aial in o])f>osit.e directions in 7>a?Ydiyd?*ogen. 

At ordinary temp('raturt‘s liydrogcji consists of thri'i* jiarts of orfAchydrogen 
and one of /*a7Y/}i\drogiai iji e(juilihrium with <‘a(*h other. Lowering the tern- 
peralun* shifts the ('(juilihrium towards the formation of y>fm/hydrogen. and 
as its sfieeific lu'iit is hiwer than that of or/AohN'drogen, the specific h(‘at of' 
tlie mixture decn'ast's wlien the yiomhydrogt'n r*outenl. in it rises. 

The chemical ])r()]jerties of hytlrogen are due to the ability of its 
atoms to lose their only electron and become ])ositiveIy charged ions. 
However, this change is not c*oni]>lete, as even in reactions with the 
most active non-metals, liydrogen forms jioJar covalent and not 
ionic bonds. Sometimes hydrogen atoms gain electrons to form 
negatively cliarged H' ions having the shell of the inert gas Indium. 
Hydrogen is ])reseut in the form of such ions in eompoimds 

with some of the most 
active metals (K. Na, 
(!a, etc.). These com- 
])oniids are called metallic 
1 ly d ri des and, C( > 1 1 trar y 
to the gaseous compounds 
of hydrogen with the 
non-metals, are solid 
crystalline substances 
(hydrides will be dealt 
with in greater detail 
when describing the re¬ 
spective metals). 

If a lighted match is ajijilied to a jet of hydrogen issuing from a 
small aperture, the hydrogen ignites and burns with a pale flame, 
the combustion jiroduct being water: 

2H2+02-2H20-f 136.8 Cal. 

If a mixture of two volumes of hydrogen and one of oxygen is 
ignited the gases combine almost instantaneously throughout the 
volume of the mixture, causing a violent explosion. That is why 
this mixture is called detonating gas. 



Fig. 5 S. Ik-loiuiting g4i.s torch 
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Owing to the liberation of a large amount of heat during the 
combustion of hydrogen, the hydrogen flame has a very high temper¬ 
ature 1.000"'(^-). Ihit tlie temperature can be raised still higher 
(u]) to 2,r)00-3,00(f C) by introducing an excess of oxygen into 
the hydrogen flame. To pi’oduec sueli a flame a special torc^h is used 
(Fig. i>S) (iOJisisting of two tubes of different diameters, one inside 
tlu^ other. The liydrogen is let into the si)ace between the tube walls 
and ignited at the exit. Aftcu* this a jet of oxygen is carefully introduced 
iiit(> the hydrogen flame tlirough the inner tube. The gases mix at 
the outlet a])ertun^ of the torch and give a v(Ty hot flame capable 
of melting almost all the metals, even the most refractory. Iron 
or steel wire burns in sucli a flame like iu oxygen, throwing off 
l)rilliant sparks in all directions. Jf the flame is directed at a 
])ie(?e of lime the latter Ix^comes white-hot and begins to emit a 
dazzling bright light. The oxy-hydrogen flame is used for fusing 
refractory metals, for gas welding, for cutting and drilling 
metals. 

At ordinary temperatures hydrogen ])ractieally does not react with 
oxygen. Jf the gases are mixed and left standing in a glass vessel, 
no indications of water can be d(‘tected even after several years. 
But if a mixture of hydrogen and oxygen is ])laced in an airtight 
vess(;l and ke])t in it at 30(F (■ a little water \\’ill form after a fevs' 
days. At 500'" (• the hydrogen will eoml)ine com])letely with the 
oxygen in several hours, and if the mixture is heated to 700” (• the 
temf)eratur(i rises very rapidly, and the reaction is eom])lete instan¬ 
taneously. Therefore, to make the mixture explode, at least one 
point of it must be heated to 700” 0. 

'J’he absence of any perceptible reaction betwe^en hydrogen and 
oxygen at ordinary temperatures is due to the fact that the rate 
of reaction under these conditions is very low. The reaction rate 
being assumed to d(H?rease twofold with each ten-degree drop of 
temy)crature (see ])]). 178-9), it can easily be calculated that if the 
formation of a perceptible quantity of water takes three da 3 ^s at 
300” tJ, it Avould require over 2 million years at ordinary temperatures 
(20” C). 

Catalj^sts can greatly incjrease the rate of reaction between hydrogen 
and ox^^gen. If, for instance, a piece of platinized asbestos (i.c., a 
piece of asbestos coated wdth finely divided platinum) is introduced 
into a mixture of hydrogen and oxygen, the i-eaetioji between the 
gases is so greatlj'^ accelerated that they soon explode. 

At high temperatures hydrogen will abstract oxygen from many 
compounds, including most metallic oxides, from wdiich it liberates 
the metals. For instance, if hydrogen is passed over heated cupric 
oxide the following reaction takes place: 


CuO+Hg-Cu + HgO 
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'I'he addition of oxygen to a metal is called oxidatioit while the 
reverse ])roeess, by which oxygon is reinov(Ml from the oxide and 
the metal thus re-liberated, is known as rediieiion. 

The addition of liydrogen to any substance is also called reduction 
or hydrogenation. 

Several othei- substances besides hydrogen, for instance coal, are 
capable of removing oxygen from various com])ounds. All such 
substances arc (tailed reducing agents, or rediiebinls. Hydrogen is 
one of the most a(*tive nnlucing agents. 

'I'he a]>j)lications of hydrogen are very diveise. Hydrogen is used 
to fill observation balloons. Owing to its voy low boiling ])oint 
( 252.7' (■), liquid hydrogen is used to produce low tejn])eratines. 
Tlie fat industry uses hydrogen for tlie hydrogc'uation of fats, 
meaning the conveivsion of liquid vegetable oils into solids. Jn 
the fuel industry hydiogen is employed to])rodu(^e liquid fuel from c^oal. 
Hydrogen is used to reduce some cjf the rare metals from their oxides. 

The larg(‘st amount of hydrogen is used l)y the basics cluunical 
industry to obtain synthetic ammonia for the ])roduction of nitric 
acid and artiticial fertilizers. 

hS. Monaioinie Hydrogen. If hydrochloric acjid is addc'd to a 
solution of ferric chloride FeCJlg and a y)i(He of zinc (lro])p(Ml into 
the solution, the hydrogen liberated rapidly converts tlie ferric 
chloride into ferrous chloride Fef/l.^ which (;an be observe^d by the 
yellow (*olour of the solution changing to green, the cliarac^teristic? 
colour of ferrous chloride: 

Fe(Tj4 H - Fet ^U f Hd 

If gaseous hydrogen is j)assed through a solution of Fed 3 , (^g. 
from a gas holder, the above reaction will not take place. It may 
be assunu'd that the specific activity manifested by hydrogen in 
this case is duc' to the fact that the hydrogen reacts with ferric 
chloride 'in statu nascendi” (at the moment of liberation) from the 
chemical comjiound before its atcjins have a chance to combine into 
molecuiles. 

This assumption, suggested last century, was indirectly confirmed 
when monalonilc hydrogen, i.e., hydrogen consisting of sejiarate 
atoms and not of molecules, was produced in the free state 
and its reactivity studicnl. 

At high temperatures the hydrogen molecule dissociates into 
atoms : 

^ 2H 

This reaction can be brought about, for instance, by heating 
tungsten wire (electrically in an atmosphere of highly rarelied hydrogen. 
The r(>action is reversible, and the higher the temjierature, the more 
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the e(]iiiiil)riuin shifts to the right. At 2MW’ C the amount of dis- 
soeiated uioloeules is hut 0.1 per cent, at 3,000- V it is 0 j)er eeut. 
at 4.000' C ()2.r) per eeut and at 5,00(f C 94.7 ])(t eejit, i.e.. tlie dis 
social ion is almost complete. 

Mouaiomic liydrogtm can be obtained also by the action of a 
sii(‘nt electrics discharge on onlinary hydrogen under a juessure <»f 
0.5 mm Hg. 44ie hydrogen atoms formed under such conditions do 
ju)t re unite imm(Mliat(‘ly into molecules, making it j)ossibJe to study 
their c^lnmiical propeilies. Monatomic hydrog(m reducers many metallic 
o.\id(*s ev(m at ordinary temperatures, combin(^s directly with sul])hur, 
nitrogen and phosphorus; with oxygen it forms liydrogen peroxide. 

Wiien hydi’ogen is dectornposed into its atoms a large tpiantily of 
heat is absoi'bed. amounfing to 195 (-al. ])(M‘ gram-molecule: 

105 Cal. 

Hiis shows that hydrogen atoms must be much more active than 
hydrogen nu)l(‘culcs. For ordinary hydrogen to take part in any 
naction its mok'cules must first be decoint)Osed into atoms, whicli 
recpiires a huge amouni of energy. In reactions invohrng monatomic 
hydrogen this ejiergy is not required. 

'flu* lieat exp(>nded on t he decomposition of the hydrogen moleciiU^s 
into atoms is liberated again when the atoms recombine hito molecules. 

This is tiu' basic ])rineiple of monatomic hydrogen torches. A jet 
of hydrogen from a cylinder passes through an electric arcj struck 
b(4w(?en t wo tungst(Mi electrodes, whereu]>()n tlie hydrogen molecules 
decompose into atoms. The latter re-unite into molecules at a 
short distance from t he a!(‘, producing a very hot flame. The high 
temperature of the ilame is not due in this case to combustion of 
the hydrogen, but to tlu^ combination of its atoms into molecules. 
This process takes ])lace especially rapidly on tiie surface of various 
nu'tals which (?aii be heatcHl in such a way to temjieratures over 
4,000'(\ All the metals melt easily in tlu^ monatomic hydrogen 
Marne, even tungsten, the most refractory of tliem all (m.]). 3,370^ C^). 
Since monatomic hydrogen is a very active reducing agent, its flame 
is especially suitable for welding metals subject to oxidation. 

filh Keketov’s Metal Displacement Series. In considering the methods 
of jireparation of hydrogen it was pointed out that some metals 
displace hydrogen from w^ito more readily, others with greater 
difficulty and still othei’s (iron, zinc) require a higli temjierature 
for this ])urpose; finally, ther-e are some metals, such as copper and 
mcreury, which do not dis])lacc hydrogen ev(‘n at high temperatures. 

in the vertical sei'ies shown on page 19S the most active metals 
are at the top; these are the alkali metals ])otassium and sodium 
which react vigorously wdth w^atcr, liberating hydrogen. They are 
followed by the alkaline-earth metals, barium, strontium and cal- 
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cilini, of whifh only oahMuni, the most important among them, has been 
included in the series. The alkaline-earth metals are less active than the 
alkali metals; although they displace hydrogcui 
fi-om Avater, the reaction takes place much less 
violently. Magnesium, the next metal, acts on 
water very slowly at ordinary temperatures, 
while zinc and iron react only with su|)ei’- 
lunitcul steam. 

The list includes also hydrogen which, although 
it does not belong to the metals, is chemically 
similar to them. 

All the metals a])ove hydrogen in this seu'ies will 
disj>lace it from dilute acids: tlio velocity of the 
reaction increases uj)wards from lead to potas¬ 
sium. Metals below hydrogen (beginning with 
(M)p])(ir) do not displace hydrogen from a(;ids. 

The metals were first arranged in the above 
sequence by the Russian scientist N. Beketov 
as a result of his investigations on the dis- 
])lacement of elem(>nts by one another from 
their conijiounds. Beketov called this series the 
“Metal Displacement Series.” 

Nikolai Nikolayt'vicli Bt^ketov (1S26-191I), IVoft'ssoi* of thr Kharkov 
l'iiiv(;rsity, afterwards Academician, wa.s om* of most, (listin^jjiiishe 

Bussian st'icntisls, tlu* author of irivestiealioiis on (dicmical hojids and 
th(* stability of chcjnical (M)mpouiids. 

B(*kctov\s mo.st famous work is his “St udii's of the Ph(‘numcita of 
Displacement of Eltancaits hy One .Another," j)ub]ish(‘d in lS(i5. Studying 
th(^ action of hydrogcji under })ressur(^ on riK'rcury and silvca* salts, 
Bt'ketov discovered the r(‘inarkablc fact that und(*r sucth conditions tliesi^ 
metals arc displaced by h>'dro^>:en, and eariu* to the coTielusion tliat the 
elK'inieal action of th<' gas was ])r<>portional to its prt*ssure or mass, thus 
anticipating 1h(' Law of Mass Action formulat'd in mnn> general form hy 
(hildberg and Waago only two years later. On tin? basis of liis inve^sti gat ions 
Beketov aiTang<*d all the metals in a serjuejK^o whicdi afterwards became 
known as the electroeh(*niical or e.m.f. series. He diseovi'rc'd th(‘ capacity of 
alumijiium for dis])lacing metals from th<‘ir oxides at higli tem])(?ratur(‘s, 
This discovery aftn-wards formed the basis of aluminothermy (see §201) 
which has found wide applicant ion in metallurgy. Bekidov’s works in the thermal 
(•h(‘mistry of the alkali iru’itals arc^ also widely known. 

(.)ne of Beketov’s gn'at merits was tlm r<‘vival of physical eheiriistry as an 
ind(‘j)('n(U-nt scienct?, the foundations of which had b(M*n laid by M. Lomo¬ 
nosov. Beketov continued the latter’s initiative by introducMng in 1865 a 
course of l(‘(*tur<\s and laborator^'^ wf)rk in j)hyHical chemistry at th(^ Kharkov 
University. 

70. Oxidation-Reduction (Redox) Reactions. In examining the 
pi‘Operties of hydrogen in § 67 it w^as pointed out that hydrogen is 
capable of reducing many oxides, abstracting oxygen from them, 


* Diapldcf nt’ nt 

Series 
I’otassium 
Sodium 
(’aleium 
Magnesium 
; .Aluminium 

Manga lie, s(‘ 
Zinc 
I r< »n 
Xicki'l 
'i'in 
L(>ad 

Hydrogi'u 
U(»pp(‘r 
Mereuiy 
Silv'.'i' 

(I old 
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aiul this process was contrasted with oxidation, i.e., the addition 
of oxygen. At first the oxidation and rednetion conee])ts expressed 
nothing but the addition and abstraction of oxygen. V'ery soon, 
how'CA'er, they leceived a broader meaning. ()xi(iat ion tx'gan to include, 
besides the addition of oxygen, the abstraction of hydrogen from 
substances, on tlie groujids that abstraction of hydiogcMi takes place 
mostly under tJie action of oxygen (for exam])le 4X11.^ i 

i tiHoO). Similarly, reduction began to include not only the 
abstraction of oxj’gen, but the 
addition of hydi‘ogen as well. 

Subsequently these comx'pts were 
extenchxl still further to include 
many reactions involving neither 
oxygen nor hydrogen, but (essen¬ 
tially analogous to typical oxida¬ 
tion and reduction react ions. Foi* 
instance, the combustion of metals 
in chlorine, bromine, and sulphur 
vapours, as well as any addition 
of non iTudals. was ternuxl oxida 
lion: 

2A1 i 2AIHr;^ is 

analogous to 4A1 i oO^ —-AUO^j 
2 FeCl 2 -l-Clji - is anal¬ 

ogous to 4Fe() r (>2 - - Fe 2 ();t 

The reverse change of AlBi *3 into 
A1 or Fe(l 3 into FeClo eame to XiUoIai Nikoljivcvit'li Bel^etov 
be knowui as reduction. Thus (ls2t>-19ll) 

the “oxidation” and ‘‘reduction” 

(H)n(e(‘})ts became rather vague and only the electron theory of structure 
of substance deiined them quite accurately. 

If ty])ical oxidation-reduction reactions are examined from an 
electronic point of view' it will easily be seen that they are ahvays 
accompanied by the transference of electrons from one set of atoms 
or iojis to another, the oxidized substance losing electrons, and the 
reduced substance gaining them. Some exam[)les are given below. 

1 . Co 7 nbustion of mmjiuuslum in oxygen: 

4e _ 

2Mg I Os- iiMg* 0 

The magnesium atom has two electrons in its outei* layer. When 
leacting with oxygem, two magnesium atoms lose four elecjtrons to 
an oxygem molecuki (twm atoms) and become doubly positively 
charged Mg ' ' ions. The latter unite with the resulting oxygen ions 
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into (‘rvstals ui nui^nesimn oxide, *MgO. Thus, tlie eoiubustion (oxi¬ 
dation) of iiuigiiesiuin is aeeoiupaiiied by the transition of eleetrons 
from magnesium to oxygen. 

2. Bcdacfion of cupric oxldt hij lnpIrcH/oi: 

(\\ O i II. -(^1 : H.O 

In eujaic oxide the (•o])|»er ion bears two |)Ositive eharges. In tlie 
course of the reaction cl(H‘trous ])ass from tlie liydrogen atoms 
(molecules) to the cupric-ion: the co])])er becomes neutral. wJnl(' 
the hydrogeji ions fornuMl eond)ine with the oxide ions ijito water 
molecules. Henc(% it can be seen that the reduction of (•u[)ric 
oxide is accom])ani(Hl by the addition of electrons to it (rathei* to 
Cu^ -ion). 

.*b Reaction hetween ferric cldoridc and hydroijen iodide in solution. 
If soliitit)ns of ferric chloride and hydr(»gen iodide^ are mix('d. free* 
iodine is liberated and the ferric (^Idoi'ide is converted to ferrous 
chloride: 

L’ <. 

f ei,- -i- 2H ' I 2Fo Clj : lo-r O 

Jn this reaction ferric chloride is usually said to be redu(‘ed to 
ferrous chloride and hydrogen iodide to be oxidized to free iodin(\ 
Hut it (fan be sc^en from the above* (*(|uation that the electrons arc* 
transferred only from 1 -ion to Fv -ion, the lattei* turning into 
Vc -ion and I -ion turning into neutral iodine atoms which then 
form 1.^ molc^cules: ( V-ion and 11 -ion undergo no change as a result 
of th(‘ reaction. Thus, actually, it is not ferric chloride that changers 
into ferrous chloride but Fe -ion that chang(fs into Fc' ‘-ion: 
likewise, it is not liydrogen iodide, but T -ion that is oxidized into 
iodine atoms. 

The following conclusions may be drawn from the above examjiles: 

1. Oxidation consists essentially in the loss of electrons by the 
atoms or ions of the substance being oxidized, wliile reducftion consists 
essejitially in the gain of (‘lecftrons by the atoms or ions of tfie substance 
b(*ing reduced. Therefore today any ])rocess in which a substance 
loses electrons is called oxidation; on the other hand, any gain of 
el(a*trons is r(*gar(U*d as rc'duction. 

2. i\o oxidation of any substance can take ])lace without simul¬ 
taneous reduct ion of some other substance, since the loss of electrons 
by one set of atoms or ions is (fonnected with another set of atoms 
or ions gaining them. 

For instan(f(‘, in the combustion of magncsiinn in oxygen or air 
the magruxsium is oxidizcMl and simultaneously the oxygen is re- 
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(luccd; when hydrogen reacts with cu])ric oxide, the latltn* (or ratlun*. 
(’ll -ion) is rediieed, wliile tlie hydrfigeii is oxidized, et(‘. 

Thus, every reaction ai^coinpanied by a traiisferenee of electrons 
is a unity of two o])])osite processes, namely, o.vidatioii and reduction. 
That is why all such reactions are now called oxidation-rediielioti. 
or redox leaclions. 

I'lic substances whos(‘ atoms or ions gain electrons during the 
redaction are called oxidizing agents, or oxidants, while Ihe substaiu^es 
that lose the electrons aie (called reducing agents or rediietants. 

During the r(‘action the oxidizing agent abstracts eleiitrons from 
the substance oxidized and is itself reduced. On the other hand. 
th(‘ reducing agent los(‘s (‘lec^trons and is thus oxidized. For instance, 
in the reaction betv\'een lerric chloride and hydrogen iodide (see 

aliove) the oxidizing agent is Ke.-ion. which accepls one el(‘ctron 

and is niduced to F(V' -ion. while the reducing agent, 1 -ion, loses 
one (‘loctroii and is oxidiz(‘d to iodine atoms. 

This can be re|)resent(‘d gra})hically liy ex])ressing the oxidation 
and reduction ])rocesses bv separate ‘electronic'' ecjiiations (set 
p. 123): 

J — e 1 (oxidation) 

jiircnt 

Fe ' i e . Fe' (rediudion) 

Th(‘ above' described (§ t»(>) rt'aclions of ])reparation of hydrogen 
from water and acids by the action of certain metals on them are 
also oxidation-reduction reactions, in all these reactions the metal 
atoms lose? eleedrons, and are tlu'refore the redueang ag(>nts, while 
hydrogen-ion gains electrons, and is therefore the? oxidizing agent. 
For instance, in the reaction 


Zn } iloSO, - ZnSO., i II, 

Zn is the leducing agent, while H -ion is the oxidizing ageiit. 

(V)nse({U('ntly, hydiogen. regarded above (§ 07) as a reducing agent, 
acts as an oxidizing agent when it is in the form of positively charged 
ions. * 

Thci transition of electrons from one set of atoms or ions to another 
in redox n'actions is naturally acconqianied by a change in valency 
of the elements participating in the reaedion. The valency change 
is a cliai-acteristic feature, by which the reaction can immediately 

* In reactions with the active metals hydrogen atoms are also oxidants, 
gaining electrons and turning into negati\ely charged 11“ ions (sco p. 194). 



bo classed as redox. Since oxidation consists in the Joss ol elt'ctron.s 
by atoms or ions and reduction in their gain, ///( (thjvbrdic valctfvtf 
calue incre(wcs during oxidation (i.e., j)Ositivc valency increases and 
negative valencn" (iecreases), ayid decreases during reduction. Thi'-i 
will readily be seen if we examine the x aleney changes in the oxidized 
and reduced atoms or ions in the above examples. For instance, 
in the reaction between ferric chloride and hydrogen iodide the 
valency of the iron (the charge on the F(‘/^ f ^ iojis) decreases from 
j 3 to i 2, while the valency of the iodide (the charge on the 
ions) increases from —1 to 0 in free iodine, etc. 

llie above theory of oxidation-reduction reactions was developed 
by the itiissian Academician L. Pisarzhevskv (1874-1938)—the 
first scientist to make extensive use of t]»c electron theory for ex¬ 
plaining chemical jn'occsses. 
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71. Water in Nature. Water is the most abiindajit substanoe on 
(‘arth. Almost 2/4 of the surface of the globe is covered with water, 
which fills all natural basins, forming oceans, seas, rivers atid lakes. There 
is a great deal of water in the gas(*(ms state (water vapour) in the 
atmos])here: water lies in immense quantities as snow^ and ice on 
the peaks of high mountains and in the ])olar rc^gions all year round. 
Water is preseift not only on the surface of tlie earth, })ut in its depths 
as w^ell, im])regnating the soil and various rocks, arul formiiig the 
source of s])rings and fountains. 

Natural water is nev(M* absolutely ])ure. The ])ui*est form is rain 
water, but even it contains various im])urities entrappt^d from the 
air, such as dissolved gases, dust and jnicroorganisms. 

Falling on the earth, rain watei* drains ])artly into streams and 
rivers, and is partly absorbed by the soil and various rocks to form 
subsoil waters. Seeping through the upper layers of the earth, w^ater 
dissolv^es various substances on its w'ay. That is why the w^ater of 
wells, springs, rivers and lakes always contains dissolved substances. 
The content of these substances in fresh waters varies greatly but 
is generally between 0.01 and 0.05 i>er cent. 

Salt water contains up to 4 per cent of dissolved substances, mostly 
common salt. Ocean water contains 3.5 pen* cent of salts, sea water 
from 0.5 to 3.0 })er cent, depending on the water abundance of the 
rivers falling into the particular sea (the Mediterranean Sea contains 
3.9 per cent, the Black Sea 1.8 per cent, the Baltic Sea 0.5 j)er cent). 

Water containing a large quantity of calcium and magnesium 
salts is called hard, in contradistinction to soft water, such as rain 
water, which contains very little dissolved matter. Hard water 
gives little suds with soaji; meat and vegetables soften with great 
difficulty wdicn boiled in it, and it forms a large amount of scale 
on the walls of boilers. 

Besides soluble imj)urities, natural water always contains suspended 
solid particles of sand and clay, })lant and animal residues, as well 
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as all kinds of luicioorganisins. Thv latter may include morl)ilie 
ba(‘t(‘ria. M’hieh cause various diseases wlieii they penetrate into tlu‘ 
organisms of men or animals. 

To fr(‘e natural water from sus])ended partic^kvs it is liltered through 
a layer of some ])oroiis substance, such as chan^oal, burnt clay, etc. 
Large-scale tiltering is done exelusively thi’ough sand and gra\(‘l. 
Most of the bacteria are also arrested by the lilters. Drinking water 
is chlorinated bedsides, for disinfection, (V)m[>lete sterilization of water 
rerpiiies not over 0,7 gram of chlorine ])er ton of watei*. 

Only insoluble im|)urities can be removed from wat(‘r by filtration. 
Absolutely ])U]e water, not containing e\en soluble substances, is 
obtained by distillation. 

72. Physical Properties of Water. Pure water is a (‘olourless trans- 
]iarent li(pud with no taste or odour. 1’lu‘ weight of 1 ml. of pure 
watei’ at TM.' is acce])ted as the metric unit of weight and is call(*d 
the gram. 

rnlike most other substances, the (I(‘nsiti(‘s of which increase 
continuously u])on cooling, the highest density of watei’ is at T (‘. 
Above and below this temperature the d(Misitv t>f v\ater is lower. 
This anomaly of water is of very great importance, as it accounts 
for the fact that d(‘(^p bodies of water do not freeze to the bottom 
in uinter, so tliat lif(^ can be rc^tained in them. 

Of no smaller importance in the life of nature is another anomaly 
of water, nanu'ly, the fact that water has the highest specilic h(‘at 
of all solid and licpiid substances. This makes it grow cold slowly 
in winter and warm u|) slowly in summer and thus act as a temperature 
n'gulator on the globe, 

'I'he freezing point of pure water is acen^pted as the starting ])oint of 
the centigrade thermometer scale and is (k'signated by 0; the boiling 
])oint of water at normal ])ressure is indicated on the scale by' KH). 

1'he com])osition of water by Avedght is 11.11 ])er cent hydrogen 
and SS.Sh per ccait oxygen. Hence, the sinijik^st formula of water 
is H 2 O. Determinatitm of molecular weiglit of Avater by the 
density of its va])onr at high temperature's shows it to be IS, which 
eorr(‘S])onds to its sim|)lest formula. However, as the boiling point 
of vvat(a’ is approached, the Aajiour density increases souK'what and 
the molecailar weight b('Coines a little higher than IS. The mol('(;ular 
Aveight of li(]uid water, determined by dissohdng it in suitable solvents 
according to the method descrilied in § S2, also proves to be higher 
than that eorrc'sponding to its simplest formula. All these facts 
led to the conclusion that along with sim|)le H^D molecules licpiid 
Avater contains more cornpk'x inolccuk's in ecpjilibrium Avith the 
latter, t he composition of these complex molecules being expressed 
by the general formula (H 2 D).v. Such a combination of simple molecules 
into more complex oiu's A\dthout the chemical nature of tin', substance 
changing is called molecular associaikm. 
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Molooiilar association is generally duo to the ])olarity of t he inole- 
(Milos, as fi result of Avliioh they attract each other by tluur unlike 
])oles, fornihig double, tri]»]e, etc., molecules (Fig. 59). Hut in tlic case 
of water the chief cause of association is the formation of iiydi’ogeji ' 
bonds, as they are called, l)elween the molocades. 

Investigations have established that when covalently linked with 
the atom of a highly electronegative (‘lement (es])ecially fluorine 
or oxygen) the hydrogen atom is capable of 
(ombining Mith one more atom of the same 
element. This second bond is called a 

hydrogen bond. 

This peculiarity of the hydrogen atom is 
due to the fact that v hen it loses its only 
eU^ctron to form a bond with a strongly 
electronegative elemcuit a nucleus of very 
small size remains, almost devoid of any 
(‘lectron shell. It is, therefore, not re|>elled 
but attracted by the (‘lectroii sliell of 

any third atom and may interact with it. 

In licpiid w^ater the hydrogen bojid aris(\s between the hydrogen 
atom of oiui water molecade and the oxygen atoju of another according 
to the S(^heme 

...() H H...() 
if H-..() H H... 

in whicii the hydrogen ])onds are designated by dots. In the same 
way even moie com])lex jnolecular aggregates may form in water. 

The most stable are the double moI(‘culcs (HoO).^, the formation 
of w hich is ap])arently accom])anied by the appearance of two liydrogeii 
bonds: 

H H ...0 

The association of w ater molecules accounts for the above-mentioned 
anomalies in its properties, it is su])posed that at water consists 
to a considerable extent of (Hot)),} molecules. When luxated from 
OM' to 4°C the tri])le molecules dissociate into (H/)).^ molecules 
whicdi give w^ater its greater density, ])robably on account of the 
l)rescnce of the two hydrogen bonds in them. Further heating leads 
to the double inolecuies breaking up into simple ones, so that the 
density of water gradually decreases. 

But even at lOtf’C water and water vapour still contain a certain 
amount of double molecules, as a result of w hich the density of water 
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vapour at I()()''(■ does not quite correspond to the simplest formula 
of water, H^O. 

The high s])eeihc heat of water is also due to the dissociation ol 
cornplex moJeculcs upon heating. Since dissociation is accompanied 
hs' absorption of heat, water when heated requires the expenditure 
of heat not om1\' for raising its temperature but for decomposing 
its associated molecules as well. 

Water Vapour. Like any liquid, water evaporates more or less 
rapidly when left hi an o])en vessel. If, liowever, the liquid is ])laced 
in a closed container, empty or occujiied by some gas. it will evaporate 
only until a dynamic eipiilibriiim is established between the liquid 
and its vapour, whereujion the same number of molecules will evapo¬ 
rate per unit time as return to the liquid. A vapour in equilibrium 
with the licpiid it originated from is called satiiniled. Its pressure 
at any given temperature is different for dilferc^nt liquids. For instance, 
at 20“ C the ])ressure of saturated water vapour equals 17.4 mm. Hg, 
that of alcohol 43.0 mm. Hg, of ether 442 mm. Hg, etc. 

Evaporation is an endothermal process. Therefore, according to 
Lc (.liatelier s lMnci])le, raising the temperature will shift the ecjui- 
libriurn between the liquid and its vapoin* towards evaporation, and 
the va])our jiressure will increase. 

The pressure of water vajxmr at several different temperatures 
is as follows: 

TeinjK^raturc, (l«‘p-<‘cs ('. n 20 40 60 80 lUO 

Pressure, jiiiii. . 4.6 17.4 55.0 149.2 355.5 760 

When the vapour jiressure of a liquid reaches the value of the 
external pressure the liquid begins to boil. The boiling ])oint of water 
at normal atmospheric pressure is J00°C, because at this tenqjerature 
the ])ressure of water vapour becomes equal to 760 mm. Hg. 

The transformation of water into steam involves the absor])tion 
of a large amount of heat. To convert one mole of water at 10()°C 
into steam at tin? same tem})erature 9.7 Cal. must be expendcxl. During 
the reverse transformation of steam into water the same amount 
of heat is released. 

Ice. If heat is removed from wat.er at a temj)erature of 0°C and 
ordinary pressure, the water passes into its solid state—ice. On the 
contrary, if ice at 0° (J is heated, it melts into water. A mixture of 
water and ice will remain unchanged at if C if it neither receives 
heat from, nor loses it to, the environment. On these grounds the 
freezing point or, which is the same, the melting point, may he defined 
as the tem.])erature at tdhich a liquid is in equilibrium with the solid 
phase of the .same substance. 

The amount of heat given off when water freezes (and that absorbed 
when ice melts) equals 1.42 Cal. per mole of water. 
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The transition of water into ice is accompanied l)y a coiisiderable 
increase in vo]uni(>, as a result of which the specific gravity of ice 
ecjiials only 0.92, i.e,, ic(i is lighter than water. As the jiressure is 
increased, the water-i(ie transition point is lowered at lirst (e.g., 
at a pressure o 015 atm. water freezes only at * but afterwards 

(above 2,000 atm. it begins to rise again and at veiy high ])re.ssures 
is above O'". 

Iinestigations liave shown that at pressures above 2.000 atm. 
live various forms of ice with s])ecitic gravities greater tlian unity 
can exist, besides ordinal y ice; 
tliese varieties are denoted by the /ffo 
Itoinan numeraJs Ji. Ill, IV', \', and ^ 

VJ. The name “hot ice” lias been ^ 
suggested for ice Ad, which forms ^ 
under a pressure of 20,700 atm., as ^ 
it melts at d- 70"" C. ^ 

Jee, like water, can evafiorate. Tn 4 g 
a closed s})aco the evaporation of 
ice continues until the ])ressurc of 

tlie vapour formed from it n^aehes a iVmperaiure, Deqree7c 

certain definite value for each given ^ 

temperature. The vapour pressure Fig. oo. Diagnun of siati* t»r waii r 
of ice at C) is the same as that of 

water vapour at O^C, i.e., equals 4.0 min. Hg. As ilu^ temperature 
decreases, the vapour pressure of ice falls rajiidly: at —20° (■ it 
equals only 0.8 mm. Hg and at - 50° (■ it is only 0.3 mm. Hg. That 
is wdiy ice evajiorates much more slowly than water. 

The above dependence of the vapour ])ressure of water on the 
temperature, as w'ell as the conditions of simultaneous existence of 
w ater in the various phases, can be re])resented graphically by means 
of wbat is know'll as the diagram of slate of water (Fig. 00). 

On this diagram OA is the vapour pressure curve of water and 
OB that of ice. The points of the curve OA show’^ at w hich temperatures 
and pressures water and steam can exist simultaneously ; those of 
the curve OB show the conditions of equilibrium between icc and 
its vapour. The curves intersect at point 0, which shows the temper¬ 
ature and pressure at which all three pliases can exist together in 
equilibrium. Therefore point 0 is called the triple point; it stands 
for a pressure of 4.6 mm. Hg and a temperature of +0.007° C. The 
curve OC shows the influence of the pressure on the molting point 
of ice. Each point on this curve corresponds to a definite pressure 
and a definite temperature at wiiich ice and water are in equilibrium 
with each other. The curves OA, OB and OG divide the entire area 
of the diagram into tliree fields, each of which corresponds to stability 
of only one of the three physical states of water. At temperatures 
and pressures corresponding to points in the area AOO water can 
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oxist only in tho liquid Siinilarlv, the points of the amis marked 

“ ice” and “ steam” on the diagram indicate the tem])eratuTTS aiid 
])ressiires at wliich only the solid or only the gaseous })hases can 
exist. 

73. Clieinieal Properties ot‘ Water. Of the chemi(?al pro])erties of 
water we must ]K)iiit out piimarily the liigli stability of its molecules 
to h('at. HoAvever, at tenqx'ratui-es above l.OOh'M' water vapour begins 
to dissociate perceptibly into hydrogen and oxygon: 

2ll.,0 r : O., 130.8 (^al. 

Since this reaction goes on with absorption of lu'at. a lise in tem])er- 
ature should shift the ecpiilibrinm to the right, according to Le 
(Miatelier’s Princi])le. However, even at 2,000-’0 the degree of dfssoci- 
ation is only J.S ])(a‘ cejit. If the tem]>erature dro])s below 1.000° (* 
the equilibrium is shifted )>ractically almost com])letely towards tlu' 
formation of water; at ordinary tcunperatures there is such an in 
significant quantity of free hydrogen and oxygen mole(*ules left that 
we have no means of detecting them. 

\’iirioiis ini‘lhn<is ar(‘ uses! for d(‘tiM‘jniniii,L{ i}u‘ of* dissocial ion of 

subslan(‘<‘s at lii^h tcinpcraturcs. ()n(‘ of tiaan is Iniscd on wliat is kiir>\\n 
as ’’(‘(juilibriuni l)lockin,L[.” If ih<* dissociation ]»rodncts formed at a lii^fi tem- 
]>(‘ratur(‘ arc (juickly cooli'd, tlic c<|uilibrinm <lo(*s jiot a cfianc('. (o shift. 
invmcdiaOfv, and docs not shift aft(‘r\vards, dm* to 1 h(' v(‘r\’ slow rate of th(‘ 
rca(di(»n at 1<.)W tcanpcralnrcs. 'finis, the ratio that existiMl bidwt'cri tin* snb- 
stajiccs at tin* higli icrnpt'ratarc nanains inadianged and can tlicn b<‘ <lct<T- 
mined by analysis. 

The dissociation of \tater at high tem])eratures c^an be demonstrated 
by the following ex])eriment. A little water is placed in ll.ask I (Fig. hi) 
titted with a rubber stopper carrying gas delivery tube 2 aiul two 
large-diameter co])])er w ires connected by thin platinum filament /i. 
The wdittT in the flask is h(*ated to boiling, and after all the air lias 
been exf)elled from the fhisk by the waiter vapour, the end of the 
delivery tulx' is brouglit imder cylinder 4 tilled wdth water. Afteu- 
this the platinum filament is heated to a higli temperature by ]>assing 
electric current through it. (ias bubbles thereupon immediab^ly begin to 
escape from tlie tube and gradually fill the cylinder. Wludi the (cylinder 
is fidl of gas it is taken out of the Avater and a flame a])plied to its 
mouth. The explosion indicates that the eylindcn* had been full of 
detonating gas. 

In spite of its stability to heat water is a very rciactive substance. 
The oxides of many nu^tals and non-metals combine Avith w^ater 
to form bases and acids; many salts form crystal hydrates AA'ith water: 
the most actiA^e metals react with water liberating hydrogen, etc. 
J^ater on Ave shall become acquainted with other reactions in which 
water partici])at es. 
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SOLrTIONS 

Solutions pluy a v(‘rv invpoi'tanl part in liie and in the ]>ia(*tical 
ii(^tivities of man. Siiffieo it to nuadion that the proeesses of food 
assimilation hy man and animals involve' tlu‘ flissolvin^ of nutritious 
suhslanees. All tlie most important 
j»hysiologieal liepiids (hlood. lymph, 
ete.) aiv solutions. Finally, all 
industi'ial proe(\ss('s based on eluaui- 
eal proe(‘ss(‘s are' (a)nn(‘eted more' 
or le'ss with the' use of various 
solid ions. 

H a V i n^ da i ly t o de'al w i t h so I ut i< )ns. 
men Ion,a since* took an iide'rc'st in 
theii* jiropertie's, hut the' fundame*n- 
tal re'lationships ^o\e‘rnin,<( their 
hehaviour were* e'stahlislied only in 
W ill century. 

Lomonosov ^uive* a ^nvat deal of 
atte'Ulion to the study of solutions. 

He' inve'stigated the iidiu('ne*e f)f 
the temperature' on the dissolving 
of various suhslanees, tliermal 
pheaiouK'iia taking placa* whe'U 
suhstaiK'e's dissoLe. the* fre'C'zing of 
solut ions, (‘rystallization jihenomena. 

(de. lie* ('stahlislied that the* ae*t of 
elisse)lving is always aeeom])anieel 
hy an e'lK'rgy etteed, and in this 
eonneetiem indieate'd the ne'cessity 
of distinguishing sti ietly hedwc'cn two tyiie's; a) |)ro(*ess('s of dissolving 
during which h(*at is redi'ase'd. suedi as when medals aie dissolved 
in aeiels. which is e\ssenlially a ehe'iniea! iraedioii between the aeiel 
and the metal, since evajioration of t.he solution doe's ned h'ad to 
(!(: position of the initial metal, hut of its salt with the acid used ; 
h) proeesse's of dissolving during which heat is ahsorhe'd. su(*h as the 
dissolving of a salt in water, whe're'ujion the solute undergoes no 
chemie*al change, hut is depe)site'el as the same suhstance when the 
se)hition is evapoiate'd. 

71. Properties ot Solutions. A se)hdion is asoliel or liipiid homogeneM)us 
system consisting e)f two eir more ce)mponents, the i*elative epiantitie's 
of which mav vary over epiite a wiele range. The most im])ortant 
are liepiiel seilutioiis, which will be eleali with in this ])a]'agraph. 

Any se)Iution consists of a elissolved substance calknl the solute 
and the mecJiiim through which the solute is uniformly distributed 
as molecules or as ions, this medium being commonly known as tlie 
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soIviMit. However, it is iiot ahvtavs easy to determine wliieh of the sub¬ 
stances is the solvent and whieli the solute. Usually the eonijument 
which in the ]>ure form has the same physical state as tlie solution 
itself, is consi(lered the solvent (for instance, in the case of an aqueous 
solution of a salt the solvent is, of course, water). If both components 
possess the same physical state out of solution (e.^., alcohol and 
water), the conqument present in greater quantity is the solvent. 

The homogeneity of solutions makes them very similai’ to chemical 
compounds. The evolution of heat observed ulien some substances 
are dissolved also indicates that a certain chemical jeaction takes 
|)la(‘e between the solvent and the solut(‘. Tin* difference lu'tween 
solutions and chemical compounds is that the com|)osition of the latt(*r 
is constant, while the composition of a solution pr(‘pai‘e(l from any 
given com]>on(aits may sometinuNs vary ov(‘r (juit(‘ a wide range. 
B(\si(les. jnany prof)ei‘ties of th(‘ se])arate (*omponents can be d(‘tected 
among the properties of tlie solution, which is not the cast* with chemical 
conqjounds. 'fhe inconstancy of the com])osition of solutions ap 
proachcs them to mechanical mixtures, but they difftM* sharj)ly from 
the latter by their homogeneity. I’hus. solutions are intermediatt* 
between mechanical mixtures and chemical compounds. 

75. The .Act ol Dissolving. To ])re])are a solution of any substance 
it is enough to leave the latter in contact with tlu* solvent foi' some 
length of time. When this is done, most solid substances and all 
gases dissolve ofily to a certain limit. For instance, if more than 
M) gr. of common salt is added to loo gr. of water at room tem- 
|)erature the salt will not diss()lve entirely no mattei’ how long we 
shake the water with the salt. .\ solution in which the solute will 
not dissolve any longer even after ])rolonged shaking is (‘ailed a 
saturated solution at any given temjieratui*e. 

The solid substance evidently dissolves in the liquid as follows. 
As we know, the molecul(‘s of any substance are in constant motion, 
this motion being of an oscillatory nature in solid sul:)stan(^(\s. When 
we })iace a solid in a licpiid which (ran dissolve it, individual molecuk's 
are gradually torn away from its surfacM^ as a result of intej'action 
with the mol(‘cuIes of the solvent. Due to diffusion these mokxndes 
are distributed evenly throughout the bulk of the solvent. The se|)- 
aration of the molecules from the surface of the solid is caused 
by tluur own oscillatory motion on tin* one hand, and by attiaetion 
on the part of the solvent molecules on the other. This process would 
continue until all the solute ])resent dissolved, were it not for the 
re\Trse ])rocess, namely, crystallization, proceeding simultaneously. 
Wlien the molecules whicdi have passed into solution collide with 
the surfa(?e of the substancje not yet dissolved, they are attracted 
back to it and form part of its crystals. Obviously, the highei* tlu^ 
concentration of the solution, the faster the solute molecules wdll 
de})Osit from it. And since the concentration keeps increasing as the 
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substance dissolves, there comes a moment at len^rtli when the late 
of solution becomes equal to the rate of crystallization and the following 
dynamic equilibrium is established: 

'unrl7s,s()lr(‘d fiolnie solute in solution 

in which the number of molecules dissolved ])ei; unit time e(|uals 
that falling out oi th(* solutioji again. I'fien. the concentration of 
tlu' solution stops increasing, i.e.. the solution becomes saturated. 

Flenc(>, u S(tt uvaU'd sol niton is one trhich cun ventuin in eqttHihn ntn 
indefiniteh/ triih on excess of the solute, 

7b. (kmceiilration oV Solutions. I'o obtain a saturated solution 
the solute is added to the solvent in a large" tmough (piantitv to leave 
|)art of it undissolved. SatiU'ated soluticms are us(‘-d c()m]>arati\'ely 
rarely. In most cases unsaturated solutions are used. i.e.. solutions 
with l()W(‘r solute concentrations than those of saturated solutions. 

The concentration of a solution is the (juantit// of solute contained 
in a definite iceight or in a definite rolunie of the solution. Solutions 
with high solut(" concentiations are called concenfraled and with 
low concentrations- dilute. 

The concepts “(concentrated*’ and “saturated*' should not be 
confused. A concentrated solution is by no means necessarily a 
saturated one. F\)r instance, a solution containing 20 gr. KNOjj in 
loO gr. of water is quite concentrated, but if its t(mi])eratiire is 2(f'(' 
it is far from saturated. To obtain a saturated solution at this tenqxT- 
atui*e .‘M.o gr. of ])otassium nitrate would have to ])e takem for every 
100 gj*. of watcu*. 

A saturated solution may be very dilute if the solute is only slightly 
soluble. By way of exam])Ie it may be })ointed out t hat a saturated 
solution of gy])sum contains but 0.21 gr. of solute in 100 gr. of 
solution at 20" (■. 

’^riie concentration of solutions can be ex])iessed cpiantitatively 
in various ways. Three methods of expressing concentrations are 
the most current in chemical practice: 

1. By the percent age of solute with respect to the total quantity of 
solution. For examjde, a 15 ])er cent solution of common salt con¬ 
tains 15 gr. of salt and 85 gr. of water in evewy lOt) gr. of solution. 

2. By the nuwher of moles of solute contained in one litre of solution. 
Solutions with their concentrations expressed in this manner are called 
molar. They are denoted by the letter iM preceded by a cocfticient indi- 
cating the "molai’ity*’ of the solution, i.e., the number of moles 
per litre of solution. For example, a 2 M solution contains two moles of 
solute in one litre, a 0.3 M solution contains 0.3 mole per litre, etc. 

A solution of given inolai*ity, for instance, a 0.5 M solution of 
soda ash Na^CO;,, is prepareni as follows: 0.5 mole of soda ash, i.e., 
53 gr. (the molecular weight of Na/XJ^ being 106), is weighed out 
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and ill a one-litre ineasurinir flask, whieli lias a mark seratelied 

on its neek indicating a volume of exactly one litre (Fig, &2). Then 
enough watei* is added to dissolve all the soda ash. after vvhi(^h the 
llask is tilled uj^ to the mark with watei’. 

Th(‘ use of molar solutions is convenient in th(‘ respect that e(jual 
volunu‘s ol‘ solutions of' cfjuai molarity contain (^pial nuinhers of 
solul(* molecuh's. 

Sometim(‘S the (*oncentralion of a solution is (‘xpr(‘ssed hy the 
nuinher of mol(*s of solute in 1.000 gr. of solvent. In contradistinction 
to molar solutions such solutions are calk'd molal. 

.‘h />// I hr HtiNfhrr of ffr(UH fffnirfthvfs'^' oj soltffr 
vonla'nod in our liirr of ,s()lnfio)i. Such solutions are 
generally known as normal solutions. 

.\ solution which contains oiu* grani-ecjui\ak'iit of 
solute p(‘r litre* is (*alk*d a uninormal or just nonnaf 
solution and is denot(*d hy the* k'tter “X." If the* 
solution contains O.o gram-eipiix alent |)er litre it is 
called s(*mi normal (o.r> X.). if it contains d.l gram- 
(*(jui\alent, deed normal (d.l X.). c‘tc. 

W’heii prc'paring normal solutions of compk'X suh 
stances acids, bases and salts it must he k(‘pt in 
mind that the ecjiiivak'nl weight of an acid ecjuals its 
Fiii. (iit molecular weight divided hy its basicity, i.e.. by the* 
Mrjisnrinu tliisk number of atoms of r(‘])laccahle hydrogen in the a(*i(l 
molecule. 

The* equivalent weight of a base (*(|uals its molecular weight divided 
by tli(‘ valency of the metal atom in it. 

As to salts, their etjuix alent weights are* found by dividing the* 
molecular weight of the salt by the number of atoms of the me‘tal 
in its molecule and by the vale*ne*y of the nie*tal. 

For instance: 


Thr 

<Mjui\' 

aloiit 

w ri^lil 

of HXO., (riiol. \vl 

. a.*}) o(jiuils (i.S : 1 iV, 
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(M jiii\' 

a lout 

wcijrlil 

of (inol. \vt 

. nS) ri jUiils as : 2 41) 

'I'hc 

<Mjui\; 

iih'iit 

woiulil 

oj' ('ii(e)H).> (mol. 

vvl. 74) oquids 74 : 2 

'riic 

|Mi\ 

aU'iit 

\v(*i<»lit 

of AL{S()(mol. 

\vl. 342) o(|nals 342: (2 


Xorinal solutions are widely used in chemistry in inactions be*tweH*n 
elissolve*d substanex*s. If neuinal solutions are^ use‘d. it is e*asy t-o ])re- 
calculate the volume ratie)S in which tlu\v shoulei hv mixed for the* 
elissedve'd substances to reac*t withe)ut resielue. Sine^' the weights eif 
the ivacting substance's are propea-tieaial to their eejuivaleait xveights. 
the se>lutions sheiukl be taken for the re^aetie)ii in volumes eMintaining 
eejual numbei s eif gram-equivalents e)f their sedute^s. If the normalitie\s 

* A ^raiii-t'quivalrnt is tin* iminlM‘r of jxrains of a siibslfuic;^ to its 

<*(juivalrut w<Mdj:Ht. 
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of the solutions are ecjual, tlie vohniies taken will obviously also 
])e ecjual; if they are different, the volumes will be inversely propoi tional 
to tlieir normalities. 

If the volumes of th(^ solutions exj>ended on the reaction are 
and Co. and tlieir normalities, i.e., concentrations ex])ressed in grain- 
(‘(juivalents per litre, are, i-esjiectively r, and r.,? relation between 
lh(\se values can be expiessed by the jirojiortion: 


or 


^*1 ' ^2 ^ 2*^1 
r, - e, . r. 


This relation can be used not only to calculate the volunu^s of 
solutions needed to carry out various reactions, but also for tin* 
revers<\ namely, to find the eoncentrations of the solutions, and 
hence the weights of the reactants, by the volumes exjiended on 
the leaction. 


Example 1. Hi»\\ inan> iiiilliiitn's of 0.3 X. Xal'l solulini) must lx* addud 
H) laOml. nC a O. |(t N. AjirNOy solution to proripitalc all lh(‘silvca* in solution 
as Aijri 'I V 

\\ (‘ w rilo tlio |)r(t|)oi'l ioti: 

0.3 : 0.10 laO: .r 


w Ih'IICO 


O.K). 150 
0.3 


SO nil. 


Example 2. 24 mi. of’a 0.2 \. solution of alkali had to he a«!d(‘d to 40 ml. 
ot‘ a sulpluirie acid solution to iu*uli‘ali/.o it. KinrI the numix'r ol‘ j^rams of 
IhSO, contaiiH’d in the volume* of solution taken. 

Donotinjr the unknown lau’inalitN' td' the sul]>huri(' a(*iel solution by .r. we 
\v!‘ite tin* ])i*o|)ort ion : 

40:24 0.2 :.t 

w lu'uee* 


24 • 0.2 
40 


0.12 


Since a ^n'am-('(.|uival('nt of sulphuric aciel (mol. \\t. OS) txjuals OS : 2 - 40, 
one litre t)f 0.12 \. solution e)b\ioiisly contains 40 '0.12 - a.SS gi’. ll^S()4. 
rhe (juant it \’ of suljihuric* acid containcMl in 40 ml. of sohitie)n can be fcamd from 
(he* proportion: 

1,000: 40 - 5.SS:.r 


40 > 5.SS 
1,000 


0.2352 gr. 


Finding the volumes of solutions expended on reactions is tlie 
basis of a method of quantitative determination of substances known 
as volnwetric analyms. 

The volum(>s of solutions can be measured accurately by means 
of burettes (Fig. 63). A burette is a glass tube narrowed at the lower 
end and furnished with a cock for drawing the liquid, or with a glass 
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tif) eoiineckd to tlie l)inette by riicans of a })iece of rubber tubing 
Avitli a ])iiu;h cock, llie tube is usually (jalibrated to tenths of a milli¬ 
litre. When a definite volume of li(|uid has to be measured out at 
once, a |)i[)ette (Fig. 04) is commonly used. 

For Aoliimetric determinations it is necessary to bring out the 
end j)oint of the reaction Iretwecm the dissolved substances by some 
sufficiently clear-cut external indication, such as a cliange in the 
coloiu' of the solution. For this ]mr|)ose a s?nall amount of indicator 
is added to the test solution: an indicator is a substance which does 
n<n influence the coiu’se of the reaction, but change's its colour abruptly 
as soon as an excess of ojie substame in the solution is 
replaced l)y a very slight excess of the othei*. For* instance, 
in reactions between acids and alkalis the indi¬ 
cator* may be a solution of litmus, which 
changes its colour with the transition of a(;id 
solution to alkaline and vice versa. 

The determination is carried out as follows. 

A definite volume of the test solution is 
measured oirt into a small beakc'r by ineens 
of a pipette, and seveiel di'ops ot an indicator* 
solution are added to it. The beaker is held 
under a burette, from which a second solution 
of (‘xactly known concentr^ation is added in 
small poi*tions. until the colour of the indi¬ 
cator change's. Tlu'ii the volume of solution 
add('d is lead off by the c^alibrations on the 
burette, 'fhe concentr*ation of tlie test solution 
is calculated from the retio lietween the volumes 
of the solutions us(*d up in lh(' rt'action (see 
example '2). 

In volumetric analysis the conc(Mit]*ation of 
the solution is often expr*essed by the numlxa* 
of grams of solute in one ml. of solution. The 
concenti'ation expi*essc'd in this manner is 
called the litre of the solution. Hence, the 
method of determining conceriti*ations described 
above is called titration. 

1 1 ^. f>o. Solubility. Solubility is tlu^ ability of Kip. 04. 

Huo'ttr a substance to dissolve in any given solvent. Pi|M-ttc 
The wvamm of solubility of a substance at any 
(/iren conditions is the concentraiion of its saturated solution. Therefor*e. 
numerically solubility can be expressed in the same way as eoncerr- 
tr*ation. for instarree, as the percentage content of the solute or in 
moles ])er litre of solution. Very often solubility is also expressed 
as the number of grams of substance which can dissolve in 100 gr. 
of solvent. 
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Linuids a/so dissolve in liquids. The solubility of some of 
them ill each other is unlimited, in which case they are said to he 
iniseihJe hi alJ firoportions, such as aloohol aiui water: others dissolve 
ill oiU‘ another only to a certain limit. 

Thus, if ether is shaken with water, two layers a])]iear. the ii]>])er 
layer h(‘ing a saturated solution of water in ether, and th(‘ lower 
a satnrat(Hl solution of ether in Avater. In most cases of this kind 
the mutual solubility of the liquids increases with the temperature 
until a point is reached where the licpiids become misciliU' in all 
projiortions. 

I’nlike solids and liipiids, the solubility of ^ases decreases as tlu^ 
t(‘m])(‘rature ris(‘s. If a glass of cold water is left standing in a warm 
room, its inner walls jiresently becoiiu* coAcrcfl with biibblt\s of 

air which had been in 
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solution in the Avater 
and was liixuated as the 
Avater grew warmer. Tlie 
aJr dissoKed in water 
can be removed entirely 
by boiling (that is aaIiv 
lioiled Avater tastes differ- 
(Mit from unboiled). 

Hesid(‘s the tempera¬ 
ture. the solubility of 
gases is inllu(m(‘e(l gi'cat- 
ly by their ])ressure. The 
gas lnol{aall(^s aboAi^ a 
li(|uid in a elos('d vessel 
bombard the surface* of 
the licjuid and dissolve in 
it at a rate |)roportional 
to the concenti-ation of 


the gas. On tlie other hand, after passing into solution, the mole¬ 
cule's strike the* surfae*e eif the liquid freun the insiele from time tei 
time and bre*ak through it. .As the e^oncentratiem e)f the molee*ules 
in sejlutioii increases, elue* to the dissolving eif the gas, the rate of 
tlieir emergen(?e. i.e., the number eif meileMMile^s leaving the solution 


])er unit time, alsej increases, until it tinally becomes equal te) the rate 
at which they jiass into se)lution. Then a state of equilibrium is 
e‘stablish(*el, i.e.. the* liejuiel becomes saturated with the gas: 


gas oA’^er liquid dissoh^t gas 


Now . if Ave* increase the ])ressure of the gas, say, tAvofold. the con¬ 
centration of its molecules aboA'e the liquid Avill increase the same 
number of times, and tbej-efore, so will the rate at Avhicb the iras 
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dissolves. The equilihriinn is disturbed, and in order to re-estahJish 
it fit the new pressure the concentration of dissolved molecules must 
also obviously bo doubled. 

Wo thus eonie to the cojiclusioii kuowu as lloiirv’s Law: 

77/r mifjht of ft (jft,s dissohu'd in a (jiven rolutne of a li<inid is 
directly proportional to the prensure of the 

For e\fiTn})k\ at ()"' (' and noi inal ])ressure O.IiHr) gr, of carbon dioxide 
will dissolve in lOO nil. of water, but if the pressure is doubled. 
(i.tiTO gi*. will dissolve in the same amount of water. However, since 
tlu‘ density of the gas also increases in proportion to the ])r(\ssure. 
thes(^ O.fiTO gr. at doubled piessure Avill occipiy the same volunu^ 
as gr., at iiornnil jnessure. 'riierefore: the rolnwe of yas dissolnhle 


in a (jiren rolinne of a tif/uid 
dot s not depend on the pre.s.^nre. 
Foi- this n^ason the solubility 

Solubility ot‘ 

Trihlr 1 

(iasos ill Walci’ 

of gases is usually expressed in 




millilitres instead of grams, in- 


Soliiliilil \- 

of tfiis. 

dicatiug the volume of gas that 


nil. ))( r loi) 

nil. \vMt.*v 

w ill dissolve at a given tem])(*r- 
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ature in 100 ml, of soK'ent, 
The solubility of several 

H\<lrog(‘n. 

2.15 

I.S2 

gas(*s in water at 0' ( ' and 20 (' 

().x\^en . 

. ; 4.St) 

3.1 

is given in Tahiti 1 1 . 

Xitro^cn . 

2.35 

1.5 4 

If tluwe is a mixtun* of 

. Carbon dioxide.. 

. 471 

S7.S 

s(W(*ral gtises above the liquid. 

■Chlorine . 

. :4‘M : 

>20 

t h(* solubility of each of them 

Mcthiin'*. 

5.50 

3.30 

does not de])(>nd on the total 
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pi*(‘ssure of the mixture, but 

only on the ])artial pressure of the gas in (piestion. This must 
be taken into account when calculating the solubility of gases in 
mixture with other gases. 

Su|)pose, for instance, it is re(juii*ed to calculate the comiiosilion 
of air dissolved in water. If atmos])heric air is assumed to consist, 
in round figures, of '/r, of oxygen and of nitrogen by volume, 
the partial piessure of the oxygen under a total pressure of one atmos¬ 
phere will be 0.2 atm. and t hat of nitrogen O.S atm. At normal ])ressure 
and a tem])erature of 2(t (/ 100 ml. of watei* will dissolve 3.1 ml. of 
oxygen and 1.54 ml. of nitrogen. Hence, at a ])ressure of 0.2 atm. 
the amount of oxygen dissolved should be 3.1 x0.2™ 0.02 ml. (i*e- 
duced to a ]>ressure of 1 atm.): the amount of nitrogen dissolved 
at a pressure of O.S atm. should be 1.54x0.8 1.232 ml. Thus, the 

* 'this law holds strictly only for pases of comparatively low solichility. 
and \vhi('h do not n c.ct chemically with the solvent. 
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nil dissolved in water will contain approximately 33 per cent oxygen, 
i.e., considerably more than atmospheric air. 

Solutions of gases in liquids should be kept in airtight jars, since 
it is impossible otherwise to maintain above the liquid the pressure 
at whicli it was saturated with the gas: if tlie jar is open, the gas 
will diffuse into the air, its ])artial ])ressure will dro]), and tlie dissolved 
gas moh'cules will gradually come out of solution. 

7S. Meiideleyev''s Hydrate Theory. When solids are dissolved in 
liquids, the usual energy effect is absorption of heat, so that the 
temjx'iature of a freshly ])re])ared solution is lower than that of 
lh(‘ li(|uid used foi‘ its pre])aration. 

Some solids dissedve. liberating heat. For instance, when caustic^ 
soda. ])otash or anhydious copper sul|diate are dissolved in watei’. 
the tem])erature rises ]>erceptibly. 

Heat is libei‘at(‘d also sometimes when liciuids. and always when 
gases are dissohed. 

77n (juarttify of hcof ahsorbed (or lihiroird) nhcn one niolv of o snh- 
sfnucf' i.s disi^olvid adJid ibs hcot of solution. 

The lieat of solution is negative* in value if heat is absorbed during 
solution, and jK)sitive if heat is evolved. For instance, the heat of 
solution of ammonium nitrate equals - 0.112 Fal.. that of (dauber’s 
salt IS. 70 Cal. and of caustic potash \ \3.3 Cal., etc.*'* 

When a solid dissolves, its crystal lattice is broken down and its 
molecules (or ions) distributed through the bulk of the solvent, all 
this )'(*quiring the exju'nditure of energy. Therefore, the act ofdissolving 
pi'opei* should lead to absorption of heat. Ibit if in some cases th(‘ 
re'veise is observed, it shows that simultaneously sonu^ chemical 
reaction is taking ])lace between the solvent and the solute, during 
which more lieat is liberated than is T’cejuired to break down the 
crystal lattice. 

Inde<*d, by various methods of investigation it has been ])rov(‘d 
that when dissolved the molecules of many substances unite with 
the molecules of the solvent to form a special type of conqiounds 
called solvates. Particularly, when the solvent is water, these com¬ 
pounds are (railed hydrates and the ])rocess of their formation 
hydration. 

Tlie formation of solvates is due to the ])olarity of the solute mole¬ 
cules. owing to which the latter attract the polar molecules of the 
soKenl. It is obvious that the more polar both types of molecules 
are. the more stable the solvates. And since water molecules have 
the highest polarity of all ordinary solvents, we have to deal mostly 
with hydrates in practice. 

* Solution vahu^s vary slightly dopendiTig on the (juantity of solvent 

used and the temperature ai which the solute is di.ssolved. The above figur(>s 
are for room temperature and a large arnount of water (one mole of .soluti* 
])er 2UU or 4UU inoU's of water). 
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The idea of the existence of hydrates in aqueous solutions was 
suggested and grounded in tJie eighties of last century by Mendekn ev. 

Mendeleyev held that solution is not only a physical ])rocess. 
as was thought at that time, but a chemical process as well; that 
the substances dissolving in water could form various c<)in])oujids 
with it. This becomes evident primarily from a study of solution 
heats. ‘ If the act of dissolving consisted only in a change of physical 
state.*' wrote Mendeleyev^ “the amount of lieat develoj)ed by gases 
or absorbed by solids u])on dissolving would correspond to that 
change of state; actually, upon dissolving, a gas always gives off 
more and a solid absorbs less he^at, owing to the fact that (‘hemical 
union, accompanied by the evolution of heat, takes ])lace during 
solution." 

Another confirmatiom of the cliemism of solution is that many 
substances crystalliye out of their aqueous solutions in a form con¬ 
taining v\liat is known as water of crystallization (see below), a 
definite number of water molecules combining with each molecuk^ 
of solute. “This." wTote Mendedeyev, “leads us to believe that there 
ai e su<*h or similar compounds betw een the solute and the solv’ent in th(‘ 
solutions themselves, though in licpiid (and ])artly (lecom})osed) foj in." 

Indeed, in studying the dependence of tlie s]>eci(ic gravities of 
sulphuric aedd solutions on their concentration, Mendeleyev detected 
a number of b<‘nds on the dependen<e curves, indicating the existence 
of (k'finite com|>ounds between sul|)hurie acid and water in the 
solution. Similar data were obtained by him for solutions of calcium 
chloride and several other substances. 

Mendeleyev's vi(wvs on solutions and on the act of dissolving 
vvcie i‘X]K)unded by him in the form of his hydrate theory in his 
major work “Investigation of Aqueous Solutions by Their S])ecific 
(h’avitv*’ and in his textbook “Principles of (’hernistry." These 
views were challenged in their time bv' many scientists. es})eciallv 
after* the a])pearance of the Theory of Klectrolytic Dissociation 
(see Chapter XJl). However, later investigations in this field fully 
confii*med Mendeleyev’s assunijd.ion as to the existence of hydrates 
in solutions, and his hydrate or “chemical" theory of solution, extended 
and brought into conformity with Yan’t Hoff and Arrhenius's “})hys- 
icaP’ theory, has now become a composite part of the general theoiw 
of solutions. 

Hydrates are rather unstable conrpounds, deconi]rosing in many 
cases u])on ev aporation of their solutions. Put often the hydrate 
water is so stably combined with the molecules of the solute that 
it remains a com])osite part of the crystals of the latter when they 
fall out of solution. Such crystalline formations containing water 
molecules as independent units, are known as crystal hydrates, and 
the water contained in them is called water of crystallization or liy- 
dration. Crystal hydrates are especially common with various salts. 
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Tlio c()in])()siti()n of ciystal liyclrales is iisiialJy expressed by for- 
niiilas sliowiiig Ihe anioiint of erystallizatioii water contained in 
tlieni. For exain])le, tlie crystal hydrate of co])i)er snl[)liate (bine 
vitriol) containing five grani-inolecules of water per grain-inolecrile 
of CuSOj is expressed l)y the formula CuSO^ ^HoO. the crystal 
hydrate of sodium sulphate ((dauber's salt) by tlu^ formula Na^SO.,- 

IdH./), etc.* 

The strength of the bond between a substanee and its water of 
crystallization is unecpial in different crystal hydrates. Many of them 
can lose their water of crystallization (‘ven at room temf)eratui*e. 
Thus, foi* instan(*e, if transparent crystals of ordinary ’‘washijig’' 
soda (Na^t'();i■ H 2 (M ^d’c left standing in the air they ‘ effloresce.'' 
i.e.. lose vvaler very readily, become dull and gradually turn into a 
powder. Other crystal hydrates have to be heated (piite strongly 
befoi'c they will jiart with their water. 

To see what the loss of water by crystal liydrates de])ends on, 
tlu^ following expei’iment may be |)erformed: introduce a tiny crystal 
of blue vitriol into the Torricellian vacuum of a barometric tube. 
The crystal immediately begins to lose wat(U‘, and the uum’cui v in 
the tui)e will gradually be depress(*d until th(‘ pressure of watei* 
vapour reaches a certain value. If the teni])erature is increased the 
crystal loses moi-e water, the ])ressur(' of its \ apour incrc^ases and the 
mercury will drop still fuiUier. On the contraiT. if the temperature 
is lowered, part of the water recombines with the salt, tli(‘ vapour 
])]’essure falls and the mercury rises. Thus, the dec()m|)ositi()n of 
Idue vitriol into the aidiydrous salt and water is a reversible pi“o(r(‘ss. 

In a closed space the following (Mpiilibrium exists: 

OUSO4 • 0H2O (^uSOj r 5HoO 

At each tenipej*ature the stat(‘ of equilibrium corresponds to a 
detinit(‘ pressure of the water va]>our formed, called the nipour 
pre.^snre of the crt/^stfd Infdrolc. When the temperature is raised tlu^ 
e(|uilibrium sliifts towards the formation of tfi(‘ aiihydrous salt, 
as should be expected according to Le Ohatelier's Frinciple, since 
decomposition of the crystal hydrate is accompanied by absorption 
of heat: when the temperature falls the reverse reaction takes tlu^ 
u])|)er hand. 


* Acconliii^ to th(‘ old chnnical n(>ni(*nclatnr(‘ llu' ])roducts ol' IJk* nNictioii 
l)(‘twocn ()\i(l<'s and water were also called hydraies. However, tliose liydrates 
diff(‘r eou'^idfTahly from crystal hydrates. While water is contained in the 
latter as integral mol<*cnles, in hyilrated oxides the oxide and watta* inolecades 
aiv broken <lown and new inole(‘nles formed from tluMr atfims. For instanci', 
calcium hydroxide' (formerly ('ailed hydrated calcium oxid(‘) do(‘s not contain 
any water moU'cules and is regarded as consisting of calcium and hydroxyl 
I'adieals. Therefor(> its composition is represented In' the' formula Ca(()H)2, 
and not FaO • 
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The vnjxntr fxvssurc of vnnons crystal Jiydratos is far frotii identical. 
For instaiice. at the vapour pressure of (dauber's salt. Na^SO,- 

• 10 HoO. equals 27 niiu., that of bhie vitriol. FuS(),■ 5H 2 (), l-^o min. 
and of barium ebloride, Ba('l 2 *-H 2 (b only 4 mm. Hg. 

Atmosph(‘rie air always contains water va|)our, usually aboul 
(>0 |K‘r cent of the amount needed to saturate it. Hiose crystal hydrates 
whose va]>our ])ressure is higher than the ])rcssm*e of the water vajiour 
contained in the air, gradually lose their watxM* at ordinai-y temiiera- 
tur(‘s. i.(‘.. effloresce: sucli are (dauber's salt, washing soda and others. 
(‘rystal hydrat(\s witli smaller vapour |>ressur(\sdo not ap|)arentlydecom- 
pose. while some of them evcni absorl) water vapour from the air. Foi* 
instance, gi-anular calcium chloride ('a('l.^• :^ll) is used to dry gas(‘s 
precisely because^'its vajiour pressure is very low and it c(nnbin(‘s 
with water vapour to form a new hydrate containing mor{" watin*. 
namely ('aXd.^b H 2 (b 

The formation of hydi*ates is aecompanied by a rel(‘ase f>f lu^al. 
Wdam a sulistance subje(*t to hydration is dissolvcnl. tin* total thermal 
effect is the sum of the thermal effect of dissolving proper and that 
of hydration. Since tlie first of tlusse jiroecsses is endothermal and 
th(‘ second exothermal, the total thermal effect of the act of’dissolving 
must be ecjual to the algebraic sum of the (‘ffects of these two ])rocesses 
and may be either ])osit ive or negativ(\ Consequently, if we determine 
sejiarately the lieat of solution and the total thermal effect of the 
act of dissolving, the heat of hydration can lx* calculated therefiom. 

Example, Wlicji <> 1 U‘ mclr <»[’ anhydrous cah'iuiu chloraU' is dissi>l\cd, 17.4 
<'al. arr liho'attMl, and wlu'ii out* inol(‘ of 1 ho calfimn ('})loi'id»‘f‘r\‘stal hyd]'ate 
('a(’lo*<i H.,() is dissolved 4.,‘{ Cal. an* ahs(»rhe<l. The lattei' \’alue is e\ ideritl>' tlie 
heal iit solution, sinee hydration does not take ])laee in this ease, llie solute 
heiu}! aln‘a<ly h\<ira1t‘d. Denoting the ln*at td’ l»_\(lration hy (,1, we nia\ write 
on the basis ()f tin' ahov(‘: 

4.a Cal. 17.4 Cal. 

heine 

21.7 (VI. 

'rim-;, t h(‘ Iteat of hydration of CaCl., ecjuals 21.7 Cal. 

70, Sup(TsafIIrated Solutions. The solubility of most substances 
decreases as the temperature falls and thert'fort' if hot saturated 
solutions are cooled, the excess of solute usually crvstalliyes out. 
However, if these solutions are cooled carefully and slowly, cai’o being 
t aken not to let any solid particles of the solute dro]) into the solution, 
the (*rystals may not fall out. In this case the resulting solution 
contains c()nsideral)ly more solute than is recpiired to saturate the 
solution at that tem])erature. This phenomenon was discovered and 
studied in detail by the Russian Academician T. Lovits (1794), 
who called such solutions siipersaiuraied. Tf left undistui-bed they 
may remain unchanged for years. But if only a tiny crystal of the 
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solute is thrown into the solutioiu other crystals immediately begin 
to grow around it and in a shoil time the entire excess of solute 
will have crystallized out. Sometimes crystallization may be initiated 
by simply shaking the solution or by rubbing a glass rod against 
the walls of the vessel containing the solution. A considerable amount 
of heat is libeiated during crystallization, so tliat the vessel and the 
solution become perceptil)ly warmer. Supersaturated solutions are 
obtained very readily with (jllauber's salt, borax, hypo, etc. 

From the above it follows that su])ersaturated solutions are unstablcs 
systems ca})able of existing only if there are no solid particles of the 
solute present in the solution. The possibility of these solutions existing 
for a long time is due to the difiiculty of the initial formation of minute 
■germ*' crystals, called crystallization centres, from which crystallization 
s])reads through the bulk of the solution. 

Since the crystals of each substance are characteriz(>d by a (juite 
definite arrangement of the ])articles forming them, the ai)])earance 
of a crystallization centre evidently recpiires that the particles, 
which are in a state of continuous disorderly movement in the solution, 
be giouped at some point of the solution ])recisely in the order char¬ 
acteristic of the (*rvstals of the substance in question. A consi<lerable 
length of time may pass before such a group arises spontaneously. 
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I* II0 V E IITI i: S O V S 0 L I TI 0 N S 

SO. Osiiioiic* l*rossure. Investigation of the properties of dilute 
solutions reveals a elose analogy bfd.ween the gaseous state of suhstanec! 
and its state in solntion. 

Just as the inoleeules of a gas. owing to their motion, occupy 
the greatest ]>ossible volume and exert ])ressure on tbe walls of tlieir 
containers, so the inoleeules of a dissolved substance also tend to 
occupy a Tnaxirnurn volume. The voluim^ of tlie gas is determined 
by the size of the vessel, while the volume through wliich the mole¬ 
cules of a solute can be distributed is determined by the volunu* 
of the solution. If a concentrated solution of some substance, say 
a solution of sugar, is ])laced in a cylinder and a layer of ])ure water 
carefully ]K)U)*ed onto it, the sugar molecules will gradually become 
uniformly distributed throughout the entire volume of the liquid. 
This ])henomenon is known as diffusion. Diffusion continues until 
the concentration of the sugar molecules becromes uniform in all the 
layers of the liquid. 

Distribution of the sugar and water molecules evenly throughout 
the volume of liquid may take place in two ways: either the sugar 
molecules leave the lower layer ajid pass iiito the upper until their 
(joncentratioii in both layers becomes equal, or vater molecules j)ass 
from the upper layer into the lower until they mi.x uniforml\' with 
the sugar molecules. The final result is obviously the same in both 
(iast^s. Actually, the concentration is ecpialized in both ways, i.e., 
l)oth by the sugar molecules passing into the \A'ater and by the waUu* 
molecules passing into the sugar solution. 

Now^ suppose the water and the sugar solutions are separated by a 
[)orous membrane through which the water molecules can pa.ss 
freely, but which the sugar molecules cannot penetrate. Such a 
*‘semi-})ermeable” membrane can be obtained, for instance, by 
im])regnating a porous clay cylinder with copper sulj)hatc solution 
and then immersing the cylinder in a solution of potassium ferricyanide. 
As a result of this treatment copper ferricyanide will be dejjosited 
in the pores of the cylinder and the cylinder walls will become semi- 
]ierm cable. 
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If a evlindoi- tliiis treated is filled with a solution of sugar and 
innners(‘d in pure water the concentrations will he (Hpialized (leather, 
the concentration of the sugar solution will decrease) only as a result 
of inigiation of the water molecules. A greater number of the latter 
will diffuse into the solution than out of it; for this reason the volume 
of the solution will gradually increase and the sugar concentration 
in it deciease. Such unidirectional diffusion through a semi [)ermeahle 
])artition is called osmosis. If thei‘(‘ is enough water available its 
|)assage into the solution through the semi-])ermeable 
partition should, strictly speaking, continue indetinitely. 
unless it is st<»])p(^d by sonu' force acting in the o])po- 
site dirc'ction. 

Now take a vess('l with semi-perm(‘able walls and 
a long narrow v<‘rtit^al tub(‘ at tlie toj) (Fig. t>T). Fill 
it with a solution of sugai* and imnuase it in a vessel 
containing the ])ure solvent. As a r(‘sult of osmosis 
tilt* volume of the solution giadually increas(\^ and 
the solution Ix^gins to till the \(Mtical tuIxL As the 
le\('l of the solution in the tube rises, there ap|)<^ai*s 
an excess hydrostatic pressure ecpial to the difhaencc* 
bc'twec'U th(* le\’els of the solution and the solvent : this 
pi(‘ssui*e counteracts th(‘ p(‘n(‘trati(>n of solvent mol- 
(‘cules into tlu* solution. When tlu^ hy(h*ostati(‘ pres¬ 
sure reaches a certain value, osmosis ceases. Tlu^ force 
which causes osmosis is called the jtr(,ss((re of 

the solution. The magnitude' ol’ the osmotic j)]*essur(' 
is d<‘t('rmined by the external ])ressure on the so¬ 
lution undei- which osmosis ceases.* 

Osmosis plays a very impoitant part in the life 
Kirr (r animals and especially |)lant organisms. (Vll walls 

\|)|»MmiiVs for niembraiu's which an' easily penetrated by water 
but are almost impermeable to the substances dis- 
iiij^ osinoii<- solved in the cellular Huid. Passing into the cells 
1*’^ water I’aises the pressure within them, slightly dis- 
* tending the cell walls and kee])ing them in a tense 
state. That is why the soft organs of a ])lant. such as 
grass stems, leaves, flower jM'tals. [)ossess a certain elasticity. If the 
plant is cut the volume of cellular fluid decreases due to the 
evaporation of water through the cell walls, the cell walls fall 
in and beccune flabby: the ])lant withers. Hut if the ])artly 
withered filant is placed in water osmosis again sets in, the cell 
walls again become tense and the |)lant resumes its ])revious 
apf)earance. 

* In tlin «*x])c'rinu‘nt flcscribfd tlif* measure of osmniit^ prt'ssurc' wnnid be 
the pressure of th(* li(]nid eohimii in the vertieal tube. 
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Osmosis is also one of* the fjictors (jaiisiii^ the rise of water 
up tlie stem of a plant, the growth of its eells and many other 
|)lienomena. 

Th(* first exact ineasuj’ements of osmotic j)ressure carried out hv 
the (jlerman scientist Pfeifer led to the establishment of the 
following two rules: 

1. The ofimotic pressim' of a solution /.s* dlrvcihf jn'oportiomd to the 
concentration of the solute, 

2. The osmotic pressure is proportional to the ffhsolute temperature 
of the solution. 

In ISOb the Dutch |)hysico-chemist N'an’t Hoff first drew' atten¬ 
tion to the complete analogy between these rules and the gas laws 
of Bovle-Mariotte and (hiy-Lussac. Using the numerical data obtained 
in measurements of tlie osmotic juessure he showed that the osmotic 
pressure of dilute solutions can be expressed by an (^cpiation quite 
similar to the equation of state of a gas 

PV -RT 

when' P is the osmot ic piessure and P the volume of solution con¬ 
taining one gram-molecule of solute. It W7is found that the constant 
R has the same numerical value as in the gaseous equation of state 
(O.OS:! 1. atm./deg.). Hence it follow's that Avogadro’s Law is also 
ap]>licabl(' to dilute solutions. Indeed, experiment show%s that equi- 
niolecuhfr solutions (i.e,, solutions confainimj e(]ual niimhers of mole¬ 
cules per litre) of rarienssuhsfajfces hare equal osmotic pressures at the same 
temperature. In ])articular, solutions containing one gram-molecule 
of solute in 22.4 1. have an osmotic pressun' equal to 1 atm. at 0’(\ 
Solutions of equal osmotic pressure are called isotonic. 

Thus the osmotic pressure, like tlie ])re\ssure of a gas, depends ordif 
on the number of molecules of the solute at constant volume and tern- 
j)eratin*e. and does not depend on the nature of the solute or the 
sol vent. 

If in the above ecpiation the molecular volume I' is re|)lac('d by 
the concentration U ex|)ressed in moles ])er litre (T l/t') the resulting 
expression is more convenient for osmotic ])ressure calculations: 

P - CRT 

The ])i*ofound analogy betw^een gases and solutions is clearly ex- 
piessed in t h(i following luinciple know n as tlie Law olf Vaii’t Hoff: 

The osmotic pressure of a solution equals the pressure which 
would he exerted by the solute if it were in a gaseous state at the 
same temperature and occupied a volume equal to that of the solution. 
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This law expresses the essence of the VanT Hoff theory of solutions. 
It must, however, be stressed that despite the complete analogy 
of numerical relationshi])s, the mechanisms of gaseous and osmotic 
])!*essure arc absolutely different. 

.]ac(»biis H«‘n(lri(*us Jioff', oiu* of tho foinidt'i’S of luodorii ])hysical 

(duMuistry, \Nas born in Uottorduin (Holland) in 1852. After ^^radiiat in^ 

lecbnical selau)! at Delfl. he Ktiidi(‘d 
elieinistry at thi* Universities of Bonn, 
Paris and Ibrc'cht. In 1S74 lie r(‘(H*ived 
a Doetor's degrei' in MalluMiialies and 
Xaiural Idiilosopliy at the IMreeht 
Uni\ei*si1y. 

Bet\v(H‘n 1S77 an<l lS9t> N'an't H(df 
was a professor ol‘ etieinistry at- the 
Amsterdam Uni\('rsity when*, besidt's 
ehernistry. Ik* taught also ^eolofijy and 
inin(‘ralo^^y. In ISOfi lu‘ inoviMl to 
Bi'i'lin ami from th(‘n on (ic’svoled 
liimself <'ntirel\' to seieiitifie researeti. 

At tln‘ very be^inninji of his seieJi- 
tifie aeli\itit‘s \'an‘1 Hoff put forth 
and d(‘v('loped the idea of dirc’etional 
vah'iKw of th(‘ carbon atom and laid 
the foundatiojis of stereochemistry, 
i.e., the science of th(‘ spatial arranize- 
im‘nt of atoms in nadeeiih^s. But 
Van't .Hoff's main field of researeli was 
])hysical eluanistry. 

He studie<l th(' laws of chemical 
reactions, chemic‘al ecpiilibrium, dilute 
solutions, osmotic^ pressur(‘. From iSlHi 
.bu^obus Ib'iidricus \'an't \'an't Hoff workeil 

(1852 Bill) (‘(juilibria in solutions. 

\’airt 11 oft was a (’orrespondin;L» 
Member of the Petc'rslmr^ A<*ademy 
:»f Sciences and from ISllS, an HoiKirary Mi*Tnb(*r of th(‘ Moscow Socii‘ty 
of Kesearclu'rs of Xat ire. 

The Law of Van't Hoff holds only for dilute solutions. In the 
case of concentrated solutions considtTablc deviations from this 
laAv arc observed. Even greater deviations are observed in aqueous 
solutions of electrolytes, snlistances which condiud current in acpieons 
solution. This will lie distnissed in detail in the following chapter. 

Hianks to the (lejtendence between the molar eoneentration of 
a solution and its osmotic ])ressure, the molecular weights of many 
substaiiees, not olitainable in the gaseous state hut dissolving readily 
in some solvent, can bo determined by the osmotic ])r(?ssure. On 
the oth(*r hand, knowing the molar concentration of a solutioji, 
we can calculate its osmotic pressure. In such calculations it is useful to 
remember that the osmotic pressure of a solution containing one mole 
of solute ])er litre may be assumed to be equal to 22.4 atm. (though 
actually at such a concentration the' pressure is somew^hat higher). 
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Example. Culculate osmotic j)ressuro of a solution <‘ontaining 9 gr. of 
glucose jjor litre. 

The moleeiilar wi*ight of glucose? i.s ISO; hence, 9 gr. of glucose? i.s 0.05 moles. 
Since^ the e)smotic pre\ssure is pre)pe)rtionaJ to the quantity e)f se)lute, the e)smf>tic 
[)re'ssiire‘ sought l^’) ean be? foujiel frenn the? jm^port ieui: 


hc'iie-e? 


22.4 : .e- 1 : 0.05 

.e: 22.4 - 0.05 - 1.12 atm. 


Direct ineasuremeiit of tlie o.sTnf)tic jii'essiire is rather difficult, 
but is not absolutely necessary. VaiTt Hoff showeti that the osmotic 
pressure is closely related to certain other more easily measured 
j)ropertie.s of dilute solution.s, namely: the lowering of tlie va])Our 
pressure, the lowering of the freezing point and the elevation of the 
boiling point. Having determined any of these values, we can cal¬ 
culate the osmotic pressure of the solution. Since all the above 
\'alues, like the osmotic pre.ssure, vary in proportion to the number 
of pai’ticles of solute in solution, th(\v can also be used to determine 
tlie molecular Aveight of dissolved substances. 

<SI. Vapour Pressure ol‘ Solutions. In considering the phy.sical 
liroperties of water (§ 72) it was indicated that the pressure of tlui 
saturated vajiour of €^ach liquid is a constant value at any given 
temperature. Experiment shows that when any solid i.s di.s.solved 
in a liquid, tlie vapour pressure of the liipiid is lowered. Thus t/ie 
Of!pour presfiure of a solution is always lower than the vapour pressure 
of the pure solvent at the same temperature. The difference between 
the numerical vaiiour ])re.ssure values of the pure soh^ent and the 
solution is usually called the vapour ])ressure lowering of the solu¬ 
tion. 

In 1887 on the basis of numerous experiments with solutions 
of various solids and non-volatile liquids the French physicist llaoult 
e.stablished the following law: 

The lo'werimj of the vapour pressure in dilute solutions of non- 
electrolytes at constant temperature is proportional to the ({uantily 
of substance dissolved in a given weight of solvent. 

This law can be explained by the molecular kinetic theory. 

It has been pointed out tliat the saturated vapour pressure above 
a liquid depends on the number of molecules cA aporating fi’om the 
surface of the liquid ])er unit time. But in a solution part of the 
free surface is taken uj) by the molecules of the non-A"olatile solute. 
Therefore the number of molecules lea\dng the surface of the solution 
])er unit time is smaller than in the case of tlie pure solvent at the 
same temperature, and the vapour pressure decreases. For instance, 
the A^ajiour pressure of a solution in Avhich the solute molecules con¬ 
stitute of the total number of molecules, is V 20 than that 
of the pure solvent. 
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The (ie/)oii(ienc*e between the lowering of the \a])our pressure 
and the anioin)t of snhstajiee dissolved can be exjnvssed imithe- 
niatically. Let the vajuwr ])re.ssnre of the ])ure solvent be />, tJie 
lowering of the vapour pressure J/>, tlie nuinber of moles of solute ?/, 
and the number of moles of solvent Then Tlaonlt's Law foi* dilute 
solutions can be expressed tlms: 



Haonlt's Law. estalilishing the defiendence between the \aponr 
pressure of a solution and the amount of solute in it, holds only 
for solutions of solids or non-volatile liquids. It cannot be extended 
to the immense held of homogeneous liquid mixtures, all tiie com- 
])osite ])arts of whi(‘h ])Ossess |)erceptil;)le volatility. Meanwihle, 
such mixtures ai*e of great ])ractieal importance. An investigation 
of the vapour ])ressures and boiling points of liquid mixtures was the 
subject of the classical works of the Russian scientist Konovalov. 
The relati()nshi|>s discovered by him and known as the ‘Laws of 
Konovalov * are included in all textbooks on jihysical chemistry. 
These Ians are used to solve a great variety of pi'oblems connected 
with the distillation and separation of liquid mixtures. 

JMeasurement of the lowering of the vapour pressure of a solution 
(>an be used directly for determining the molecular weight of dissolved 
substances. In jiractice, however, another, mon^ convenient method 
is used, based on measurement of the lowering of the fren^zing point 
or the elevation of the boiling ])()int of the solution. 

S2. Freezing ainl Roiling of Solutions. All pure substances are 
eliara(derized by strictly definite freezing and boiling points. Thus, 
under normal atmos])herie ])ressure ])ure water freezes at ()''(' and 
boils at KMf (^; benzene fret'zes at o.oM' and boils at 80.1"(A etc. 
These tern|H‘i*atures remain unchanged until the entire bidk of the 
liquid has frozen or turned into va])our. 

It is different Avitli solutions. The jnesence of the solute raises 
the Imiling ])oint and lowers the freezing ])oint of the solvent, and 
th(‘ more conccMitfated the solution, the greater these effects. There¬ 
fore, solutions freeze at lower and boil at liigher temperatures than 
the ])ure solvents.* It can easily be shown that this is a direct conse¬ 
quence of (he lowering of the va])our pressure of the solution. 

As we know, any liquid begins to boil at the temjferature where 
the ])r(\ssure of its saturatcMl vax>our becomes equal to the surrounding 
])ressure. For instance*, ujider a pressure of 700 mm. Hg water boils 
at JOO' (/ because at that teinjxuature the ])ressure of the water 
vapour becomes exactly equal to Tbt) mm. Hg. If, how(*ver, any 

* Urn* a!i(l in tin* following, solutions of soli<ls or \er\' slightlv' \’o!atil(* 
li(lin<ls 
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sdhstnucc is dissolved in the water, its vajfoiir jtressure deereases. 
Hence, to bring the vnpour jnvssure of the resulting solution uj) 
to 760 nun. Hg. t he solution must ol)vionsIv l)e heated to iil)ove ]00''([ 
Therefore, the boiling point of a solution is always liigli(*r tlian that 
of tlie pure solvent. 

The low(‘i‘ freezing jjoijit of a solution e(unpar(‘(I to the ])ure solvent 
is due to tlio fact tliat the freezing point is the teinj)erature at whieh 
the solid and licjuid ])hases of th(‘su})stajiee ean exist siniultaneonsly 
(pp. 2(M)-7). However, for this it is necessary that tlK‘ vapour j)ressures 
of the solid and licpiid ])hases he (‘(pial. otherwise^ th(‘ va])our will 
pass from one j)has(' to the otlHa' until th(‘ phase over which the 
va))oiir pjessure is higher disai)pears entirely. Ic.(^ and watei* can 
(‘xist togetlua* indelinitely at O-C ])recisely for tlu^ reason that at 
0 (' the vapojir pressure^ of ice (4.0 mm. Hg) ecjuals that of Avater. 
This temperature is the freezing ])oint of |>ur(^ water. 

If we take a solution instead of pure watei’. its vajjour pressure 
at (f will he less than 4.() mm. Hg; for this reason ice immersed 
in such a solution m(>lts ra})idly. (‘o-existence of the ice and the 
solution possibl(‘ only at a temperature helotv (ft’, namely, at 
the tenpierature where their vajiour pressure's aie eepial. Jn other 
words, the solution freez(*s at a 
t(*mperature helow’ the freezing 
point of the juire solvent. 

All these relationships he- 
(;()me es])('(‘ially clear if th(\v are 
ex])ressed as graphs sliowing 
the relation vapour pressure vs. 
temperature. In Fig. OS. uuj 
is tlie va|)our pressure curv(‘ 
of ])ure water and h/jj that 
of a solution. Siiu^c' the vapour 
]n*essure of the solution at any 
tem])eralure is \owev than that 
oi* ])ui-e water, hh^ lies h(*low' 
aa^. To determine the boiling 
points of water and the solution 
by means of these curves at 
any desired pressure, say, at 
7t)0 mm. Hg, draAv a straight line parallel to the abscissa axis from 
tlie (jorresponding ])oint of the ordinate axis. From and b^. the 
|)(»ints of intej’section of this line with the vapour pressure curves drop 
a perjiendicular to the abscissa axis. Tlie tem])eratures T and 7\ c^orre- 
sjxmd to the boiling points of w'^ater and the solution, since their 
vapour jiressures are equal at these temperatui*es. Jt will be seen 
that the boiling jioint of the solution is higher than that of pure 
water. 



Temperature^ Degrees C 

a.S. j>r(‘ssiire vs. 1t‘}n|)(Taf ur<‘ 

(nr water, icc and a solution 
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In Fig. 08, ac re])i*esents the vapour pressure curve of ice. It was 
stated above that at the freezing point the vapour pressures of the 
solid and liquid phases of the solvent or of the solid solvent and the 
solution, must be equal. The points a and h of intersection of au^ 
and hb^ with ac correspond to this condition. The freezing points 
of water and the solution are found as the j^rojections of a and h 
on the al)scissa axis. Tn this case, as can be seen in the figure, the 
teni])eratures T and 7\ are arranged in the reverse order, i.e., the 
freezing ])oint of the solution is lower than the freezing point of 
water. 

When dilute solutions freeze, a quantity of ])ure solvent crystallizes 
out first, e.g., ])ure ice in the case of an aqueous solution. Sin(;e 
the concentration of the solution increases as the ice crystallizes 
out, the freezing point does not remain constant but keeps falling.* 
However, crystallization of the ice and lowering of the freezing 
]ioijit continue only until the concentration of the solution reach(\s 

a certain definite value for each 
given substan(‘e, at which the 
entire solution freezes into a solid 
mass, l-nder the microscoj^e it 
can be seen to consist of tliin 
layers of ice and solute in tlu^ 
solid form. A mass of this kind 
is called a eutectic. The tempera¬ 
ture at which the eutectic forms 
is called the eutectic temperature 
and the corresponding concen¬ 
tration of the solution, the eutectic 
concentration. 

For instance, if wc cool a 10 per 
cent solution of common salt, 
the first crystals of ice will begin 
to appear at about — T C. As the 
ice falls out, the concentration 
of the remaining solution increases 
and the freezing point drops lower and lower. Finally, when the 
NaCl concentration reaches 24.42 per cent, the entire solution freezes 
into a solid white mass, a eutectic. This takes place at a temperature 
of—21.2“ C, which is therefore the eutectic temperature for a solu¬ 
tion of common salt. 

An analogous picture is observed when saturated solutions, i.e., 
solutions containing a higher concentration of solute than the eutectic, 
are cooled. In this case it is the solute and not the ice that begins to 



to 20 30 


Concentration of solution ^ 
per cent 

Fig. 69. Freezing curve of nolutions of 
coininon salt 


* For this reason the freezing point of a solution is defined as the temperature 
at which the solid phase begins to crystallize out. 
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rrystallize out first whei) the solution is cooled. For cxam])Je, if 
a saturated Na('l solution, containing 26.4 jwr cent of the solute 
at is coolt^d. the salt will crystallize out first. As the salt falls 

out, the concentration of the solution decix^asos. and when it becomes 
e(]ual to 24.42 per cent, a eutectic forms (at 21.2° ( ■). Thus, wiien 
any saturated solution is cooled, a certain amount of crystals fii-st 
falls out of the solution and then, finally, a eutectic forms. 

Fig. 01) sliovvs the freezhig curve of solutions of common salt of 
\arious concentrations. It can he seen from the figure that as the 
concentration increases, the freezing point dro|)s. The lowest ])oint 
of the curve corresponds to the eutectic tempei’ature —2I.2'A' and 
the eutectic concentration 24.42 per cent Nad. If the concentration 
is further increased, the fm^ziiig ])()int (i.e.. the teni])erature at 
which the solid jdiase begins to drop out) again risers but it is salt 
this time, and not water, that falls out of the solution in tlie solid 
form. 

The eutc(;tic tcm])eraturc is the lowest of all the |)ossible freezing 
|)oints of solutions of the given substance. Jt varies for different 
substances over a w’id(^ range*. Thus, the eutectic tcmperatuie for 
potassium nitrate is only - 2.1f'C (with a eutectic concentration 
<»f 10.0 ])er cent KXO.j): for common salt it is —21.2 for calcium 

chloride, —50° C, for sul])huric acid - etc. 

I'he loW' eutectic temperature of common salt accounts for the 
nielting of ice wdien sprinkled with salt. Ice and salt cannot exist 
togt*ther at tem])erattires above 21.2°(’; therefore when mi.xcd 
with salt, ice immediately begins to melt. The ability of ice to absorb 
gre^at quantities of heat when melting is utilized for the pj*epara- 
tion of cooling mixtures, discovered by Boyle in lObo and studied 
veiy thoroughly by T. Lovits. In 1702 Lovits artificially achieved 
a temjierature of—50° C for the first time, by mixing snow wdth cal¬ 
cium chloride. Obviously, no temperature lower tlian the eutectic 
can be obtained in this way. 

Just as the solid phase wdiich crystallizes out of a dilute solution 
u])on freezing consists of the pure solvent, so w^hen solutions of 
solids in licpiids are boiled, the vapour formed consists of the jmre 
solvent. Therefore, as the liquid evaporates, the concentration of the 
solution increases and the boiling point keeps rising until the solution 
becomes saturated and crystallization sets in. As soon as crystallization 
begins the concentration of the solution stops changing and the 
boiling point becomes constant. 

The quantitative aspect of the freezing and boiling of solutions 
was studied by Raoult w^ho experimentally established the following 
principles known as the Laws of Baoiilt: 

1. The lowering of the freezing point is proportional to the quantity 

of substance dissolved in a given weight of the solvent. 
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'J'Jius. a solution containing o gr. oi'sngar in lOOgr. of watcM* ** freezes 
ill (Kl^7 ([ \r/iiJe o/ie contnining JO gr. /r(‘(‘zes at - (1.7)4 ([ otr. 

2. lujUUHtfli vuhn' oj ranoih^ suhslfuiccs dhs^solnd ni 

fh.(' sY/a/r inUjhi of ff f/ircfi ^solvent lotnr /Av //yy-cv/v// point (tn v(iu(d 
tnnnhf v of (hijnrs. 

For instance, if it! g]‘ain-nK)l<‘cnl(' of sugar (34.2 gr.) ar(' dissolved 
in l.(MM) gr. of water, the free/ifig point is lowcM’ed n.ISO (\ An e(|ual 
dejuession is caused hyO. 1 grain molecule of glucose (ISgr.). t>. I gram- 
inole(‘ul(‘ of liydrogen ])eroxide (3.4 gr.), etc. 

4 he IVe(‘/ing point lowering corresponding (by calculation) to 
one giainonolecule of sul)stan(‘e dissolved in 1.000 gr. of solvmit 
(uiolf cnlor lown'iinj) is a constant for each given solvent. It is call(‘d 
the cryoscopic'*' constant of the solvent. The crvosco])ic constant 
differs for different solviaits. Its values for a number of solvemts 


are given below. 

< rv<»scopi(* {'oust aiits 

W’jtlcr. I.S(i (' I. r>.U (' 

A<M'iic Af'id . 3.t) \aphthnirn'*. O.U (' 


Quite analogous laws were established l)y Haoult with respect 
to the boiling point elevation. The molecular (‘Icvation of a boiling 
point, i.e.. the elevation caused by 1 gram-molecule of substanci* 
dissolved in J .000 gj*. of a solvent, is call(‘d t he ebiiIIiosco|MC*‘'* constant 
of the solv(*nt. 

l3Miliios(*o|»ic Constuiits 


W'iio r. U.52 . 2.57 

Kih‘r. 2.12 ('hlnn»roriii. 3.SS 


Itaoiilt’s Laws (*an be expressed mathematically by tlie following 
e(jnation: 

M K vr (I) 

wIkmc .1/ is tlie lowering of the freezing ])oint or the elevation of 
the boiling j)oint of the solvent: C is the nundier of moles of solute per 
1.000 grams of solvent: K is a pro])oitionalitv eoeflicient equal 
respectively to the cryoscopic or ebulliosco])ic constant of the solvent 
(wdien C ■- 1, .1 1 - K). 

As the numliei’ of moles of substance equals its weight in grams 
(ih) divided I)y its molecular weight (M). can be substituted for 
C in the above eciuation. hence 

(2) 

* Kr*(>ni the (in-t'k A/y/o.v, cold and fikofKo. I sim*. 

** From ilie I.iUin to l»oil out. 
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Ilfioiilt's Laws aro a))|)lic*ai)le witJi the sanu‘ limitations as tlu^ 
Ijinv oi Vnn't Hoff, coiici^ntmtcd solutions and solutions of elee- 
ti'olytrs dcvintin^ considcrnhly front t/iese iaws. 

A thcorcii(^id fj^ronndin^ of liiioults I.nws wns ^i\(^n hy Vnn't 
Hoff\ pointed out their eonneetion ^^ith the law of osniotie 

l>r(\ssiire anrl (lei’iv(‘rl an f‘(|natioii for ealenlatin^ th(‘ osmolie jtressure 
iVom the fix'ezing |)oint lowering and 1 lu‘ boiling ])oint elevation 
of a solution. 

Itaonlt s I^aAvs form tlu^ basis of sonu* vei‘y eonvenient nu^thods 
of d(‘tej*mining the moh^eular weiglits of dissolved su))stane(\s. Kor 
sueh estimations a weighed portion of the siil>stanee in (juestion 
is dissolv(Ml in a (lelinit(‘ (piantity of solvejit and tlie lowering of 
the freezing point or elevation of the boiling |)oint it (ranses is found. 
Krom these data the moleenlar weiglit of tlie dii<solved siihsta.iH‘e 
ean (‘asily be ealeulated if th<‘ ei*yoseo])ie or (‘bullioseo])ic eonstant 
ol the solvent is known. Oil the other hand, knowing tJie moleenlar 
weight of th(^ solute, the ervoseo])ie or el)ulliosco]>ic eoustant can be 
found in the same way. 

The metliod of det(‘rmining moleenlar weights hy the freezing 
point lowering of a solvimt is called criffhHCO]n(\ and liy the boiling 
point elevation, (hidlioscopic, 

l^oth methods are widely ])ractised in eheunistry, as by using 
ditterent solvents the molecular weights of all kinds of substances 
can be determined. Tfie mok^cular weights oi‘ a number of mentals 
have been found by the lowering of the solidification ])oints of solu¬ 
tions of metals in one anotlier. 

(dven below is an exanijile of determination of the molecular 
weight tiy tlu' fi'oc^zing point lowering. 


Example, wiu'n 2.70 grams <»rgl\ (*criM 0 won'in 2n()giains orw aler, 
iho ln‘oy,iiig [loint was loNvcrrd U.27U ' (\ Tin* ci'n oscopic coristaiil otwatc'r oquals 
I.S()'(A Find 1 lio inolor-ular weighi of glyceriia*. 

First \v<' find thi* iiuinbor of grams of gl\oorino (•«)iTospomling lo l.UUU grains 
oi \\at».*r ill our solution: 


2.70 • 1.000 
20ti 


- 13.Sgr. 


Subslituliiig the data givt'ii in tlic prohliun into Cf|uatiou (2), wo find tli(' 
molmilar weight of gl_\ ooriiio: 

i.sf) i:i.s 

M 

1.S6 . 13.<S 
0 270 


0.270 
1 / 
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83. Ooviaiion ot Solutions ot A<*ids, Rases and Salts troni Laws 
Derived tor Dilute Solutions, lii the previous chapter we considered 
N aii't Hoff's theory of solutions which explains tlie most im})ortant 
})ro]>erties of dilute solutions on the basis of the analogy existing 
between solutions ajid gases. All the conclusions of this theory were* 
brilliantly confirmed by the residts c»f ex])erimental studies carritHl 
out with solutions of very many substances. For solutions of one 
kiiul. however, these relationships did not hold. These were solutions 
of ordinary salts, as well as those of most acids and soluble bases, 
'riie osmotic pressu?*e of these solutions, (calculated from the lowering 
of their vajajur ])re8sures or frec^zing ])oints and the el(>vation of 
their boiling ()oints. |)j‘oved invariably to be eonsid(3rably greater* 
than reeprired by theory. On the contrary, molecular weights deter¬ 
mined by measuring these values W(ne always found to be smaller* 
than the true values. 

For exam])le, if one gram of cjommon salt is dissolved in 100 grams 
of water, the freezing jroint lowering is O.^JT^'C. As the cryoscopic 
constant of Avater e(prals we get the following value for the 

molecular weight of common salt: 


M - 

0.617 


- 30.1 


Actually, the molecular weight of common salt is 58.5, i.e., almost 
twice as high. 

Calculating the freezing point lowering to be expected according to 
the true molecular weight in this case, we find: 

At^ = 0 . 318 ° 

.'> 0.5 


Thus, the lowering observed is almost twice the theoretical. And 
since the freezing point lowering is proportional to the osmotic pressure, 
the latter will consequently also be higher than the “normal” according 
to Van’t Hoff’s theory. 
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A similar deviation from theory was observed also for solutions 
of other salts, as well as for solutions of most acids and bases. 

As was stated in § 80, the osmotic ])ressui‘e is exi)ressed by the 
ecj nation: 

P-GRT 

To extend this equation to solutions with ' abnormar' osmotic 
pressure Van’t Hoff introduced into it a correction factor i (called 
the isofoiiic coefficient) showing the number of times tbc osmotic 
pressure of the solution exceeds the normal: 

P^iCRT 

The coefticient i was determined for each solution (experimentally 
either by the vapour pressure lowering or by the freezing point lowering 
and boiling ])oint elevation. iSinc(^ all these values are proportional 
to the osmotic ])ressure. the number of times the osmotic pressure 
of t he solution is higher than the normal could be found by ejstablishing 
the number of times eitluT of the above values was grccaUn* than those 
calculated tiK'.oreticjally. 

Let P' be tlie osmotic ])i*(^s.sure of the solution. .1 the elevation 
of the boiling point and A /'f.p. the lowering of the fr(>ezing point 
of a solution, which does not obey the laws of ^^al^t Hoff and Raoiilt. 
and P, /I /i,.p. and I /f.p. the magnitudes of the same values cal¬ 
culated theoretically ac^c^ording to the molar concemtration of the 
solution. Then the coefficient i is ex])ressed by the following ratios: 

. P' 


Tlie values of the coefficient i found by \'an't Hoff for a number 
of salts in 0.2 N. solution according to the freezing point lowering 
are given in Table 12, 

Table 12 


Value of Puefileieiil i for 0.2 X. Solutions of Some Salts 


Freoziiig point lowering 


Salt 

Fornuila 

calculated 
according 
to Kaoult's 
formulas. 

observed 

" " d/f;p. 

Potassium chloride. 

KCl 

0.372 1 

0.673 

1.81 

Potassium nitrate. 

KNO 3 

0.372 

0.664 

1 1.78 

Magnesium chloride .... 

MgCl., 

0.186 

0.r)19 

2.79 

Calcium nitrate. 

_ 

CalNOab 

0.186 

0.461 

2.48 
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(lata ill Ta)»lt^ 12 sliow that the i differs foi* various 

salts. Resides, it Avas Idiiiid to grow as the dilution of the solution 
was iu(Teas(‘d, gradually approaching th(‘ ^^hole nunihers 2, 4. 

Kor salts of analogous eoin])osilion tliese nuiuhers ai-e identical. For 
instan(‘('. in tla^ ease of all salts of iinivah^it metals and unihasic 
acids the coeflicient I heconies ecpial to 2 if their solutions are dilute 
eiKuigh: with salts of hivalent metals and the same acids it Ixu-omes 
ecjual to ‘f (‘tc. 

Thus. wh(‘n acids, bases and salts are dissolved in water they cause 
a much higher osin(»tic piessure than e(|uimoleculai* (piantities of 
any oth(‘r substances. 

How Cfin this phenomenon be accounted fbi* without contradicting 
Van't Hoff’s theory ( 

It should be indicat(‘d. lirst of all. that an analogous phenomenon 
is ol)serv(‘d in certain gases or substances in the gaseous stat(‘. 

For instance, if the vapoui-s of ammonium chloride NH/'I. phos- 
jihorus |)entachloride FCI.. iodine and otlun* substanc(‘s an* heated 
in a (4osed \ essel, they arc' found to have a higher ])ressure than that 
which follows from the Law of (iay-Lussac. On the other hand, 
their molecular weights. (*alculated from determinations of their 
va])our densities, tuni out to be lower than the theoretical. 

In th(' ease* of gaseous substance's this ])henomenon can easily Ik* 
attrilmted to dissociation. If, say. ammonium chloride Nl-l4(4 breaks 
up into NH.{ and HOI moh'culcs, tlie ])ressure depending on the 
number of jiarticles should obviously increase twofold witli constant 
volume*. 

On the other hand, undc'r cou.stant pressure the volume of the gas 
should inert'ase twofold, and lumce the density should lie twi(*e 
as low. If the dissociation is incomplete', only jiart of the molecules 
luiving decompose'd, the* ])ressure will have seiine intermediate value. 

It is natural to assume* that in solutions with abiioriiially high osjuotie 
|)re*vssures the solute* mole*cules also break uj) into ])articl(\s of smaller 
size. SiiKK* the eismeitic ])ressiire does neit dejieiid on the weight of 
the solute, but e)nly e)n the nuinber of particle^s ])er unit volume 
e)f seilution, it should also increase if their numlier become^s lai’ger. 

This assum])tie)n was first put feirth in IS87 1)V the Swedish scientist 
Arrhenius anel formeel the basis of his theory exjilaining the behaviour 
e)f aciels, bases and salts in aej[ueous solution. 

Arrhenius arrive'el at this th€*orv by stuelying the electrieTil con¬ 
ductivity of solutie)ns. 

Svante Arrljnniiis, a Swedish scientist, physical cheinist, was horn in 1S51). 
lie was a ])rofcssor at the* Fnix ('I'sity of Slockhf)lin and Din^ctor of tli(‘ Nobel 
Institulo. As a ivsidt of aji in\'(\sti^ra1 ion of the* electrical eK>ndiieti\'ity of 
solnti<nis, in ISS7 he sn^^cstf*d a thcor\- to (‘xplain (lie ('ondnctioii of electric 
(Mjrn’nt by solutions of a<'i<ts, eiikalis and salts, known as the 'Theory of FIcc- 
trolyi ic Dissocial ion. 
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AiTlu’iiiiis also carriiMl out a iann)u‘r ofslialios in astronomy, cosmic piixsics 
aial in the field of the a])})lication of pfiysico-cfiemical laws to biological pi’oc- 


S^. OoiHiiictivity ot* Sohitions. As was indicated above 

(see § 4h), electrie eurrent is readily coiidiieted by molten salts and 
leases, as well as metals. .Atpieoiis solutions of bas(\s and salts are also 


good eondnetors of eurrent. An¬ 
hydrous atads are very [)oor eon¬ 
dnetors. but aqueous solutions 
of aeids eonduet euirent well. 
Solutions of aeids, bases and 
salts ill most other li(|ui(ls do 
not eonduet euri*ent. but in siieh 
solutions the osmotic pressure 
is also normal. Aejueous solutions 
of sugar, aleohol, glycerine an<l 
other solutions with normal os¬ 
motic ])ressure do not eonduet 
euri'ent either. 

The different attitude of sub- 
stane(\s to electrical eurrent ean 



easily be demonstrated by the 
following ex])eriment. 

Twographiteor metal electrodes 
are connected bv means of wires to 



the lighting mains (Fig. 70). An 
electric lain]) is cut into one of the 
wires as a rough indicator of the 
presence of current in the circuit. 
The free (*nds of the electrodes are 



di|)])ed into dry common salt or 

anhydrous sul])huric acid. I'he light does not go on, because these 
substances do not coiidiu^t current and the (dreuit remains o])en. 
The same will be observetl if the electrodes are di])|)ed into a beaker 
containing ])ur(^ distilled water. Hut if only a small amount of salt 
is dissolved in the water or any acid or })a8e added to it, the lam]) 
iinmcdiately begins to burn brightly. The light will not burn if the 
clectrod(\s are lowei-ed into a solution of sugar, glycerinf\ etc. 

'^Fhus. among solutions, current is conducted ])iedominantly by 
a(|ueous solutions of acids, bases and salts. The dry salts, anhydrous 
acids and bases (in the solid form) do not conduct current ; ])ure water 
hardly conducts (airront either. Obviously, profound changes of some 
kind take ])lace in th(' a(a‘ds, bases and salts Avhen dissolved in water, 
as a result of Inch the r(‘sultant solutions liegin to conduct (mrrent. 

When electric current passes through solutions it causes ch(>mi(?ai 
changes in them, just as when it passes through fusions; these changes 
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consist in tlie evolution of decomposition products of the solute or 
solvent from the solution. Substances which conduct electric current 
in solution are called electrolytes. Acids, bases and salts are electro¬ 
lytes. 

The chemical pro(‘ess which takes })lace when a current is passed 
through an electrolyte solution is called electrolysis. An investigation 
of th(^ ])roducts liberated at the electrodes when acids, bases and 
salts are electrolyzed, showed that metals or hydrogen are always 

liberated at the cathode and 
acid or hydioxyl radicals at the 
anode, the radicals then under¬ 
going fnrthei* change. Tlius, the 
])rimary products of electrolysis 
ari^ the same composites ])arts of 
acids, bases and salts which pass 
wit hout changing from substance 
to sul)stance during exchange 
reactions. 

S5. Theory of Electrolylic Dis¬ 
sociation or Ionization. In 1S77 
one of the scientific ])(U'iodical.s 
carried an article by Arrhenius 
entitled'*J)issociatioii of Substances Dissolved in Water.’ In this article 
Arrhenius ])reseuted the results of Ins iiivestigatious ou tlie electri(*al 
(conductivity of solutions and ])oint(*d out the close' relation between 
the ability of solutions to conduct clectrknty and their failure' to obew 
the laws of Itaoult and Van't Hoff*. 

Arrhenius showe'd that the osmotic ])r('ssure' and heiuH' the e'oeftieient 
/ of any solution could be' found by measuring its electrical con¬ 
ductivity. The values of i derived by him from conductivities coinciele^ei 
very closedy with those found by Van t Hoff for the same solutions 
by other methods. 

AeHX)rdiiig to Arrht'nius. tlie e'xcessively high osmotic ])re\ssure of 
e*lectrolyte\s was due to dissociation of thedr me)leciil(\s into cleHitrically 
chargeel [larticlcs which he called ions,* TIvis increases the total 
mimlier of jiarticles in solution, and tJie'refore also the osmotier ])j*essure 
on the one hand, and make's the solution capable of e'ondncting 
current due to the formation of ions, on the other. 

The ass urn I )t ions pnt forth by Arrhenius in the above-mentioned 
article were subseepiently developed into an integral theory known 
as the Theory of Kleetrolylie DisNoeiatioii or the Ionization Theory. 

Th(^ main the'ses of this theory are as follows: 

1. When electrolytes are dissolved in water their molecules break 
up te^ a greater or lesser degree into ions, i.e., electrically charged 

lis ttTm was )y PWaelay in a slightly <lifferont sense. 



Fig. 70. Sct-u|) for (•oin})aring 
conducti\'it\ of solutions 
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|)articles. Each substance forms two kinds of ions, carrying positive 
and negative charges rc'spectiveJy. The positively (^liarged ions of 
acids, bases and salts are those of hydrogen and metals, while the 
negatively charged ions are acid and hydroxyl radicals. For instanc(y 
crystals of common salt NaCl break uj) into positively charged sodium 
ions Na' and negatively charged chlorides ions Cl ; molecules of 
nitric acid HNO.^. into positively charged hydrogen ions H ' and 
negatively charged N();j“ ions. etc. Thus, ions may be ’*siin])le” 
or ‘‘elementary/’ i.e., formed by a single atom (Na , (1 ) and ‘ com¬ 
plex.’ made u]) of several atoms, such as NOg . 

The total numb(>r of ])ositive charges a(‘quired by one kind of 
ions equals the total number of negative charges on the ions of th(> 
other kind, so that the solution as a whole r(unains electrically neutial. 

2. The difference between ions on the one hand and neutral atoms 
and molecules on the other, is that the former ])ossess electrical 
charg(\s, but this makes their |)ro])erties absolutely diflerent. For 
instance, hydrogen-ion* bears no r(\semblance at all to ordinary 
gaseous hydrogen: the latter is almost insoluble in water, whereas 
hydrogen-ion can be contained in solution in very large quantities; 
sodium-ion does not a(it on water whilst metallic sodium reacts 
vigorously with water to form sodium hydroxide; chloride-ion lias 
neither the odour, the colour, nor any of the othei* ])ro|)e!ties of 
gaseous chlorine: SO.,' “-ion can exist only in solution, and only 
while it is negatively charged: no neutral molecuh^s of such a com¬ 
position are known: the same can be said of hydroxyl-ion and many 
others. 

When an electric current is ])assed through the solution, the ions 
begin to travel in two ojijiosite directions: the ])ositively charged 
ions move towards the negatively charged ele(;trode, the cathode, 
\\'hile the negative ions move in the op|)Osite direction, towards 
the ])ositive electrode, the anode. Ions which are attracted to the 
cathode are called cations, and those attracted to the anode, anions. 
When the ions reach the electrodes they are discharged and simul¬ 
taneously lose? the characteristic jiroperties due to the charges they 
bear, turning into neutral atoms or groups of atoms. The latter 
are either ewolved from the solution, or undergo further change to 
form new substances. 

A very important point in the Arrlienius theory is the statement 
that decomposition into ions is not effected by the electrical current, 
as fireviously thought, but ocjcurs as soon as the electrolyte is dissolved 
in water. Any solution contains free ions, independent of vheth(*r 
it is undergoing electrolysis or not. Hie only effecd of the current 

* Hydrogeii-ioii (spellod with a hypfi<'ii) dciiotos hydrogt*ii ions CM»llecti\cly, 
regarded as a separate substanee, in eoiitradistinetioii to hy(irogej) ion, whieli 
denotes a siiigle ion. The same refers to all oth(>r ions. TV. 
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on the solution is that it makes tlie ions travel towards tin* electrodes, 
where they are discharged. 

^Fhe break-up of electrolytes into ions under the action of the solvinu 
is kno\Mi as eleetrolyfie dissociation or ionization, ami is rxprrssrd 
hv convonlional chrinicnl equations, in which the fnnnuhis ol the 
substances ihni are hivnking up arc written on the left side, and 
the ions formed frojn them on the right side. VW shall denote the 
charges on fi*ee ions in solution by the signs* and leaving the des¬ 
ignations = and for ions combined in crystals of salts and other 
ionic compounds. Thus, the dissociation of HK’I into iojis is ex])ressed 
bv the eejuation 

H - ^ VV 

The ])resence of |)ositively and negatively charged ions in th(‘ 
solutions of electrolytes can be ])roved by the following ex])eriment. 

A sealed tube containing a solution of |)otassiiim iodide KI is clamped 
to a revolving disc (Fig. 71). The tube has ])latinum wires fused 
into it with platinum electrodes fastened to them. The ends of 

the wires are (^oinu^cted by means 
of a s])ecial device to a sensitivt‘ 
voltmetei*. If the disc is rotated 
at a high speed, the indicator of 
the voltiiK'ter will be deflected 
])erceptibly sliowing that unlike 
chaj'ges have ap])eared at the elec¬ 
trodes a and h. It will be found 
that the end of the tube nearer tlie 
edge of the disc is charged negativ(>ly 
while that nearer the centi(‘ is 
c h arge( I pos i ti v(‘ I y . 

Obviously, the negatively charged iodide ions, being the heavier, 
are thrown outwards with a gn^atei- force, and therefore, to a greater 
distance from tlu' a.\is of rotation than the lightei* ])otassium ions. 
whi(th b(‘ar positive charge\s. TheixTore. there will be more iodide 
than potassium ions at tlu^ end of tlie tube at the edge of the disc, 
and that ('lectrode will be charged negatively. On tlu^ other luand. 
the end of the tube at the centi'c of the disc will (contain a greater 
numl)er of potassium ions, and therefore a j)ositive charge will appear. 

If the same ex])eiiment is performed with a solution of silv(M* 
nitrat(>, AgNO.^, the edge end of the tube, where the heavier silver 
ions accumulate, will be charged ])ositively. and the centre end. 
negatively. 

These (*.\])eriments are a good proof of the actual existenc(‘ of 
o|)positely charged ions in solutions of electi-olytes. 

The presence of ions in electrolyte solutions affords a simple ex¬ 
planation of t])(‘ abnormal cismotic phenomena mentioned at the 



71. HrvoU ing <lisk with IiiIm' 
solution 
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l)egin!iing of this cfnipter. By way of cxamj)lc? we considered the os¬ 
motic* pressure of a dilute solution of common salt, which was founc] 
to he almost twice as high as that calculated according to the Law 
of \'airt Hoff. Now we sliall have no (liflicnltv in understanding 
why this is so. The “mo/ecnh*'’ of comimm salt (in Arrhenius's time 
it was not yet known that there are no separate molecules in crystals 
of common salt) hre^aks up in solution into two ions, Na * and (T. 
If all the ‘‘molecule's” whieth passed into solution dissociated into 
ions, the niirnher of ions fonned would be twice the original number 
of molcKuik^s. A granMiiolecule of common salt would yield not 
().02 X |)articl(>s but twice as many. And sinc^e the osmotic pre^ssure 
d()C>s not depcuid on the nature of the particl(\s in solution, but only 
on their number, it should also ijica-c^ase twofold. 

In exactly the same way the osmotic prc\ssure of a very dilute 
solution of barium chloride, which dissociatc^s according to the ecpiation 

Latvia - Ba * 4 2(r 

is tlnw times as high as that (calculated according to the Law of 
Yiin't Hoff, sinc^e the jiuinber of particles in solution is three times 
as high as if the barium chloride wewe in the form of Bad 2 molecuU\s. 

Thus, the })('culiar behaviour of acpieous solutions of electrolytes, 
which at first sight contradicts the I jaw of \'an‘t Hoff, was expIaincHl 
on the basis of this very law. 

Howevew, tlu^ theory of Arrhenius made' no allowance for all the 
complexity of the ])heiiomena taking placa^ in solutions. Mechanistic 
l)y nature, it rc'garded ions as absolutely free particles, independent 
of the molecules of the solvent. Arrhenius's theory was opposed 
by Mendelc'vev’s hydrate thc^ory. based on the idea of interaction 
between the solute and the solvcuit (combination of the solute particles 
with those of the solvent). The credit for overcoming the apparent 
(‘ontradiction between the two thcawies belongs to Kablukov, who 
was the first to ])ut forth the very important assumption that ions 
hydrate, i.e., form unstable (*()m]K>unds with water molecules. This 
assumption, which is now an und(miable fact, led subsecpiently to 
a coml)ination of the theories of Arriumius and Meiideleyev. The 
entire subsecpient progress of the chemistry of solutions has shown 
t hat the Tlu^ory of Electrolytic Dissociation not only does not contradict 
the hydrate theory, but cannot develop furthei* without basing 
itself on the conceptions introduced by Mendel(\vev. 

Ivan Alextwiwich Kablukov was liorn in 1S57, in lht‘ \'illaj^e of l*russy, 
Moscow ( Jubornia. After gradual injii: (he .Moscow Ihiiv(>rsity in ISSO he worked 
tirst in the field of organic elieniistry. In ISS9 Kablukov went to heipzig, 
where lie worked in the laboratory of Ostwakl for some tiiiK', together with 
.Arrhenius, on the eleetro-condiKdivity of solutions. After his n'turn to Russia 
Fvablukov contimKxl his ijivestigatioiis in the fwld of the comluetivity of 
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solutions. Th(? i suit c llic‘S(' investigiitioiis was Jjis Doctor's thesis riitithd 
‘"The IVcsejit-Dfiy Thf^ >' of Solutions (of V'an't Hoff and Arrhenius) in K(‘Ia- 
tion to the Sci uc(‘ of 'luMnical Equilibrium,” whicli gn'atly influenced the 

development of physicul chemistry 
in Kus'^jii and promotc'd the furtlier 
devehipment of the Theory of Elec*,- 
trolx l ic Dissocial ion. 

Esp»M‘ially im})orta.ut among Kablu¬ 
kov s numcTous works wt‘n' liis in- 
\'(‘S< igalions in tli(‘ field of salt 
(Mjuiiibria. 

Ka])liikov devoted his whole life to 
c\l(‘usi\H‘ pedag(»gical aji<l (Hliicat ional 
work. H«‘ d(*li\'(*red lectures at lhi‘ 
Moscow Dui\crsity and at th(‘ In¬ 
st it ntc of Agricultun', wrot(‘th(‘ text¬ 
books “Eundainentals of Inorganic 
(’lu‘mist ry*’ ajid “Kundainentals of 
Physical (Miemistry" by wliicli rnon* 
thano?u‘ g(‘neratiou of chemists stud¬ 
ied. and was a member of many 
s<*ientitic societ i(‘S. 

Sb, TIh‘ \vi of J)issoria(ion. At 
t Ih' t iine tlu^ Theory of Electrolyt - 
ic Dissociation originated, atoms 
w(‘re still considt^red tlie simjdost 
indivisil)k‘ particles of matter. 
Tli(‘ coiKJeption of the eom[>lex 
structure of atoms came much 
latt‘r. For tliat reason it was diffi¬ 
cult then to eom])rehen(J the 
origin of the electrical cluirg(‘s on the partii*les formed wlien eh'tr- 
trically ntMitral molecailes disso(‘iate. and why only tlu^ molecules of 
acids, bases and salts are subject to such dissociation. But with the 
deve]o])ment of the seieiu’c f)f atomic and molecular structure, all these 
phenonuMia became clear. 

We know now tliat many electrolytes consist of ions even in the 
solid form. When (^msidering the constitution of crystals in (liapter VI, 
it was indicated that salt crystals were built up not of molecules, 
but ol’ sejiarate positively and negatively charged ions arranged 
in a dehnite ord(‘r in the crystal lattice and held in ])osition by fonnvs 
of electrostat ic attraction, Majiy solid bases, apparently, have a similar 
structure. Xatuially, when such electrolytes are dissolved in w^ater, 
the ions would be expected to pass into solution as indeiKUident 
ujiits and not in the form of neutral molecules, which do not exist 
in the solid electrolyte. 

The brc'ak-up of crystals into separate ions evidently takes place 
in the following manner. Water molecules possess a certain polarity, 
i.e., an^ w hat w^e call dipoles. When a crystal of any salt, say potassium 




iiO. THK ACT OF DJSSUCIATKh\ 


243 


chloride, comes into contact with water, the ions at its surface begin 
to attract tlie polar water iTioleeiiles (Fig. 72). TJie water moJeendes 
arc attracted to th(^ ])otassiuni ions by their negative ])oles and to 
the chloride ions by their ])ositive ])oIes. Hut if the ions attract the 
water molecules, the latter attract the ions with th(i same force. 

At tin; same time, the attraetod water molecules are sut)ject to 
im])acts from other molecmios in motion. "Fliese im])acts are strong 
enough to separate the ions from tlu'; crystals and make them ])ass 
into solution. The lirst layer of ions is followed by a second, and thus 
the ci-ystal gradually dissolves. 

Aft(!r ])assing into solution the ions may nunain link(*d to^ the 
water molecules, in which (*as(' tluw form what are knowii as ionic 



Kig. 72. IMcchaiiisTri of (lissol\ iiig salt 


hydrates. The existence of such hydrated ions has been (confirmed 
in many (Jases. For instance, hydrogen ions in solution are alw^ays 
combined with one molecule of water each forming a hydroniutn or 
oxoniuni ion The ions of many metals are also hydrated in 

solution, (^ations are usually smaller in size than anions; therefore 
cations attract water molecules moi'c strongly. .1 he smaller the 
radius of the cation, the smaller the number of water molecnilcs 
contained in the hydrated ion. The small Ixwyllium cation Be 
forms a tetrahvdrate [Be(HoO) 4 |’'' ; the larger cations Mg and 
Al--- form hoxahydrates IMgCHgO)^* * and [A 1 (H 20 )J• * *; while 
such large cations as K‘ and others are still more hydrated. 

Thus, dissociation results, strictly speaking, not in the formation 
oi“ ions, but of compounds betw^een* ions and solvent molecules (ionic 
hydrates). For the sake of simplicity, howevcw, in ionization equations 
the formulas of the ions are usually used instead of those of their 
hydrates (or solvates), the more so. since the degree of hydration 
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of the ions, i.o., the nuniher of water inolecniles conihiiuMi with them, 
is very often unknown and may vary de])enfling on the coneentration 
of the solution and other conditions. 

In solution the ions or their hydrates are in a state of incessant 
disorderly motion. Upon colliding they may combine into hydrated 
molecules which may again dccomfjose into ions. Tlu^ higher the 
concentration of th(‘ solution, the more often the ions collide, therefore 
solutions. es])ecially concentrated ones, may contain unionized mole- 
(•ules togetluT with the ions. 

Not only substances with ionic crystal lattices decompose into 
ions in acjuoous solutions, but also many other substances, consisting 
of molecades, provided the latter are polar. A scheme of t he dissociation 





73. Dissocial ion of polar inolccul(‘s in solulioji 

of ])olar molecules is shown in Fig. 73. The molecules of water attracted 
to the ends of the polar molecule stretch the latter, moving its poles 
apart, as a result of which it brctaks up into separate ions. If the 
])Ositive ion is a proton (i.e., a hydrogen niuOeus) it will be stably 
linked to a water molecule as an oxonium ion For instance, 

when hydrogen chloride is dissolved in water, the chemical r(\‘iction 
that takes f)lace can be ex})r€>s.sed by the eipiation 

HoO f HCI - H/)* f ( V 

Tn this reaction the polar covalent bond between the atoms of 
hydrogen and chlorine is so split, that the electron })air remains 
entirely in the ])ossession of the chlorine atom wdiich becomes a 
iV ion, while the ])roton embeds itself in the electron shell of the 
oxygen atom of a water molecule to form an oxonium ion 

A similar chemical reaction takes plac(i when other acids are dis¬ 
solved in water: for instance, in the case of nitric acid: 

H,Oi- HN()3^-H3()* 4 -no./ 

S7. Ionizing Influence of Various Solvenls. Uf) till now^ we have 
considered dissociation only in aqu(M)us solutions. There are, however, 
other solvents besides w^ater, such as formic acid, ethyl alcohol, 
acetone, in which electrolytes arc also dissociated, though in much 
smaller degree. 8uch solvents are knowui as ionizing solvents. Their 
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niolcMJules, lik(‘ the m()l(‘eiiles of water, are distinetly polar. On the 
eontrarv, in non-])olar or slightly ])olar solvents, siieh as benzene, 
ether, earbon disulphide, ionization does not oeeur. 

The ionizing (^apacaty of various soJvc^nts can be judged best of 
all by their dielindrie eonstants. 

Th<^ duUctnc constant is a value shotrina hy /aar many times the 
force of rnteraction heticeen tiro charges in a given medium is smaller 
than in a void. The dielectrie constant of a solvent is closely related 
to the polarity of its niolctcules. The high value of the dielectiic con- 
stajits of some li(|uids is due to the high di|)ole moments of their 
molecules. 

The dielectric constants of some solvents at IS' (’ are giv(‘n below. 


Dielcrtru* Constants ot* Some Solvents 


\Vati‘r. 81 

Forinic a('id. 5 H 

lOtljvl alcohol .... 27 
Acctou(‘. 21 


(^]i!or<4nnn. 5.1 

Flh'M-. AM 

Farhoo «lisulj)hi(lc 2.f> 
licn/.cjic. 2. It 


The highest dielectric constant among ordinary soIvcMits is that 
of water, which is at the same time the best ionizing solvent. 'J'he 
dielectric constant of water ecpials 81. This means tliat in acpieoiis 
solutions the foiee of interaction between charged ions is SI times 
smaller than that acting in the corresponding (aystals. The dielectric 
constants of sucli solvents as ether. bejizen(> and carbon disulphide, 
in which ionization does not occur, ar(‘ very small. The dielectric 
constants of alcohol, acetone and other slightly ionizing solvents 
are intermediates values. 

Investigation of the ionizing action of nomaepieous solvents was 
initiated l)y Kablukov, who in 1889 first measured the condu(divity 
of hydrogen chloride dissolved in diethyl ether and in amyl alcohol. 
After this, many chemists began to study non-aqueous solutions. 
As a result of their works, the theory of electrolytic disscx’iation 
was extended to a new field, and the ionizing inlluence of the medium 
on the molecules of the solute became clear. 

SS. Mcchaiiisni of l^assage of Current Through Solutions. According 
to ])resent-day views, electric current in metallic conductors is a 
sti-earn of electrons moving from the negative ])ol(^ of the current 
source to its ])ositive pole. 

A current source, say a galvanic cell, is an ap])aratus in which 
more electrons accumulate on the negative ])ole than on the j)ositive 
]K)l(\ which gives' rise to a soil of electron pressure on the former, 
if the poles of the cell aj*e connected by means of a metal wire, the 
electrons begin to move along the wire under the influence of the 
pressure, from the negative ])ole to the positive, just lik(^ a gas [massing 
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from higher pressure to lower. The electrons letiving the negative 
pole are immediately replenished at the expense of tlie ciirnmt source, 
as a result of which the electrons circulate continuosiy through 
the conductor (connecting the poles. I'lie current source acts like 
a ])ump, drawing the electrons in through the positive pole and 
discharging them hack into the conductor through the negative jiole. 

If the wire is cut. one (md of it will become negatively charg('d. 
as an excess of electrons accumulates on it, whilst the other will 

become charged })ositively, due to 
a defieienev of electrons, and the 
mot ion of the electrons along the 
conductor will cease. 

Now su])|)ose two eleidrodes 
connected to the ])oles of a curnmt 
sourc^e and hence chargc'd, (me pos¬ 
itively and the other negatively, 
are dipixul into a solution of an 
electrolyte, say hydrochloric acid. 
SCatio/? Q Anion •Electron Water itself is not a conductor and 

Fijr. n. M.-cl.a..isin of (.as-suKo ol’ electrons cannot move througli it 
(*urmit tliroujj;}! solution as they do through a wiio, but 

the ions in solution are attracted 
to the electrodes and immediately bt^giii to move in two ()])])()site 
directions, the ])ositive ions towards the (cathode and th(i negative 
towards the anode (Fig. 74). When tiuy reach the cathode, the 
])(>sitive ions gain from it the eletjtrons they lack and b(H‘()me neutral 
atoms. At the same time, the negative ions give their ‘'sur])lus” 
electrons away to the anode and also become neutral ions or radicals. 
Due to (continuous ])assage of el(»ctrons from the (jathode to the ions 
and from the ions to the anode, the travel of the electrons through 
the wiios connecting the ])ol(^s of the (uirrimt souix'c; with the electrodes 
is sustained. Ihit within tlie solution the motion is not that of electrons, 
but of })ositively and negatively (;harged ions. The latter apparently 
carry the (dectrons through tlie solution from the cathode to the anode, 
although actually the electrons yiehk'd by the anions to anode are 
not thos(* which ])assed into the solution from the (jathode, but those 
belonging to the anions themselves. 

It is clear from the al)()ve that solutions which do not contain 
ions cannot conduct current. 

The movement of ions caused by the ])assagc of current thremgh 
a solution can be demonstrated by an experiment. For this purpose 
it is especially convenient to use salts with coloured ions. Take, 
for instan(?e, a blue solution of copf)er sulj)hate. The colour of this 
solution cannot be attributed to the pixsence (rf S 04 "-ion in it, 
as many solutions (jontaining this ion are colourless (for instance, 
solutions of H 2 S() 4 , Na 2 S 04 , ZnS 04 , etc.). Dilute solutions of cupric 
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on the oUior hand, arc blue in colour; hence, we nuist conclude 
that the blue colour is due to the presence of cu])ric-ioii (or ratlier 
its hydrate). 

To observe the movennent of these ions, a solution of biiu^ vitriol 
in warm water containing a little agar-agar (an oi‘gani(^ substance 
obtained from seaw(^eds) is ])laced in a U-tube (Fig. To). The solution 
cools into a jelly which will not hinder the motion of the ions per¬ 
ceptibly. 'Jlie space above the jelly 
in both arms of the U-tiibe is 
iilled with a colourless solution of 
some salt, say KNO.^, to which 
agar-agar is also added. If ciirn^nt 
is passed through, the blue cupric 
ions travel towards the ju^gative 
elec^trode and gradually turn the 
colourh^ss layer of agar-agar in the 
left arm of the tube blue from bot¬ 
tom to to]). At the same tinn^ the 
boundary between the blue and 
colourless solutions in the right 
arm of the tube shifts downwards. 

ions migrate at various velocities, depemding on the temperature 
and the voltage, as well as on the nature of the ions. The liigher 
the tcMuperature and the greater the \'oltage. the faster the ions 
ni()V(\ Hydrogen ions are the fastest, but even they move v(U’y slowly, 
only about 0.2 cm. [)er minute at a temperature of IS"‘(^ and a voltage 
dro]) of one volt per cm. The velocities of some other ions under 
the same conditions are: OH' O.ll cm, ])er min., Na* 0.027 cm. 
])er min., ('T—0.0415 cm. ])er min,, NO^' (t030 cm. per min. 

Hih Degree of lonizaiion. As stated in § (S5, the anomalously high 
osmotic pressure in solutions of electrolytes is due to dissociation 
of their molecules into ions. If all the divssolved molecules broke 
doAvn into ions, it might be expected that the osmotic ])ressure in 
solutions of electrolytes would always be a whole number of times 
gre^ater than the normal pressure observed in equimolecular solutions 
of non-electrolytes. Meanwhile, in determining the coefticient i for 
solutions of various salts, \’^airt Hofl’ found that this coefficient is 
represented by fractions which, however, approach the whole num¬ 
bers 2, 3, 4... as the solution is diluted. 

To explain these facts, Arrhenius suggested that in ordinary so¬ 
lutions only part of the molecules may be ionized; moreover, the higher 
the concentration of the solution, the smaller the ])roportion of 
ionized molecules. 

The reason for incomplete dissociation, in Arrhenius's opinion, 
was that the decomposition of molecules into ions in solution was 
accompanied by the reverse process, that of recombination into mole- 





Fig. 75. L"-1 ii}k‘h witlj 
rtulpliate solutioTi 
a Iw'forc switching on C'lin’ciit, b wit h 
(Mirrt^iit swiUrhed on 
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cniles. While the rate of dissociation decreases as the niolt'ciiles break 
u|), the rate of the reverse jiroeess iiier(‘ases. 'I1iis results in a state 
of ecjuilihriuin where the relative (juaiitities of uiiioiiizei] luoleeules 
and ions remain eonstant. i.e., dissociation is not coni])lete. 

Thus (electrolytic dissociation, like any other dissociation, is a 
reversible ])roe(\ss, expressed in disso(*iation ecpnitions by two arrows 
instead of the e(|ijal si^n, for e\a.m])le: 

Nad Na* t ('I' 

KOH ^ K- I OH' 

The ionization of acids, for instance of H(1. should be wi’itten 
as follows: 

Hd ; H.O ll,()- i d' 

Whilst the dii-ec^t reaction (M)nsists in the splitting away of a j)rot()n 
from a hydrogen chloride moh^cnle and its combination with a mole¬ 
cule of water, the re\erse rcriction consists in th(» splitting away 
of the proton from an oxoniiini ion H./)‘ and its combination with 
a (Tion to form a Hd molecule. The chloride ion ])lays the same ])art 
with ivspect to the oxonium ion as the water molecule witli ri^spect 
to the hydrogen (diloride molecule. 

In sim])lilied form the e(piat ion of ionizat ion of hydrogtm chloride 
is written as follows: 

Hd H* : d' 

However, when using such a mode of r(‘Cording (which we shall 
emj)loy often in the future), it must lx* remembered that the dissoci 
ation of acids is not a simple deconi))osition of their mol(»euJ(\s into 
ions, but a more (*om])Iex chemical i*(*acti(»n involving water mole- 
cules. 

Th< ratio of fhr munher of ionizrd niolvvnles to the total nnmtnr of 
molertflefi dismlved in called the degree of ionization of an electrolyte. 
For example, if 7S out of every KM) HCl inolc'cuk^s dissolved in water 
dissociated into ions, the degiee of ionization would be ().7S or 7S per 
(ent. Hence, the d(‘gree of ionizat ion shows the ])ro])ortion of dissolv(>d 
mol(‘Cules that has broken down into ions. 

The d(‘gree of ionization depends both on the nature of the dissolved 
electrolyte and on the c.ojKxuitration of tlie solution: ichen the ,solution 
of any electrolyte i,s dilnfea\ its degree of ionizalion increases. This 
means that the e(piilibrium existing in solution between the unionized 
moloHniles and the ions shifts towards the formation of ions. It is 
not difticult to ])r()ve that such a shift of ecpiilibrium is in full agree¬ 
ment with Le Chateliiu’s Principle. Indeed, in diluting the solution 
w'itli water, we decac'ase the concentration of particles, both mole¬ 
cules and ions, in it and therefore low^er its osmotic pressure. But 
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lowering the pressure should shift th(‘ ecjuilihrium in the direetion 
ol the reaetion wliieh will increase the pressine again, i.e., towards 
the formation of a larger number of ions. 

As the degree of ionization depends on tlie eoneentration of tlie 
solution, we must always indicate the eoncentnition when referring 
to the d(‘gre(^ of ionization for any elec^trolyte. 

Th(^ numerical values of the degree of ionization of electrolytes 
can be determined by vaiious methods. We shall examine a method 
based on determination of the isotonic coefficient of the solution. 

The isotonic coellicicMit i. as iiulicated above (see p. 21b')), shows 
how many times the osmotit! pr(\ssure. the boilijig point elevation 
and the freezing f)oint lowering, actually oljseiverl in the solution 
of an electi-olyte. ar(> gn^ater than the same values calculated theoreti¬ 
cally ujider th(^ assumption that the solute has not dissociated: 

/* i/'u. p. P- 

4 p. 4 /f. p. 


Sinc(‘ all these values are |)ro])ortional to tlie Jiumbei’ of solute 
])articles in solution, the isotonic coefficient should obviously be 
equal to the ratio b(‘twe(*n the total muider of molecules and ions 
in the solution to the initial number of molecules dissolved. 

On this basis, the relation l)etween the isotonic (‘oefficient and the 
degree of ionization can easily be expressed in mathematical form. 

Su])|)ose .V molecules of eh^ctrolyte were dissolved in water, and 
that (‘ach of them can break down into v ions. 

If the degree of ionization is a, the number of molecules broken 
down into ions will ecjual the number of ions formed w ill be Ktin, 
and the number of molecules left unionized will be A'(l—a). Hence, 
the total number of ])articles (molecules })Ius ions) in solution will be: 

A' (I a)-t- AAzw or S [(// - l)a-f- I] 

but since t he numb(>r of molecules dissolved is A", we get the following 
expr(>ssion for the isotonic coefficient: 


hence the degree of ionization 


a- 


/ 1 

77 - T 


Thus, to determine the degree of ionization of an electrolyte we 
need only find the value of the coefticient i for the given solution, 
which can be done most easily by measuring the low ering of the freezing 
point (cryoscopic method). On the other hand, knowing the con- 
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centration of the solution and the degree of ionization of a dissolved 
electrolyte, the isotoiiic coefficient, and consequently, the osmotic 
pressure, as well as the freezing and boiling points of the solution, 
can easily be calculated (by the same formula). 


Example 1. A soluiimi coiilaiuin^ S ^r. NaOK in l,0l)()^r. of wiitor freo/os 
a1 —0.(>77"C. Fiiul llu* of ioni/alioii ol“ XaOII in Ihis st>liilioii. 

Wo find tin* thoorotioal !<»vv(*rin^ of ibt* fri‘('/j'iig point, by tbo forniula 

.1 ,, ^ . Sinco thr inoK'(‘ulM.r weitcbl of XaOH 40, m 8 and 


M 
1.80, 


M - 


1.86 Xjy 

40 


o.:n2^ 


'l4io froo/iny[ point lo\v(‘r‘inu: aotiially obsor\od is At' 0.677‘\ h»*n(*<* 


0.677 

0.872 


1.82 


Suhstitntin^ tb(* xalin* of / in tin* formula (or d»*t('rnanin^j: n and taking 
into account that XaOll dissociaO-s into TWf> ions, \vc got: 

1.82 1 

<t — ■ ^ 0.82 or 82 per C(‘nt 


Example 2. In dccinonnal solutioti potassium sulpbaU* is ioni/,i‘d t() a d(*gr(M‘ 
of 71 per cent. What is the osmotic ])ressure of tln^ solution at 0” C ? 

A\(‘ first <ral(‘ulate tin* theoreti<*al osmotic pressun*. A deci-normal solution 
of K^S(.)^ contains uiok*, p(*r litre. Its osmotic prirssuni, if not ioni/ed, 
slnnild bo 20 tilings lo\v(‘r than tin* osmotic [m*ssui*e of a sohition containing 
one mole per litre*. 'rb(*r(‘(bre. 


/» 


22.1 
■ 20 


1.12 at Ill. 


According to tbe ])roblem a —0.71. 'Jdn* K^jSO^ “nndeculc” l)r(*aks down 
into thrc(' ions, b(*nc(^ 

•).7I -~j-- I ; i - 2.42 


Having foinnl /, w<' detcrmiin* 2*': 


2.42 



2.71 atm. 


In practice, tlie degree of ionization of electrolytes is usually 
determined not by the cryoscopic method, but by a simpler one, 
involving measurement of the electrical conductivity of solutions. 

As we know, the conductivity of a solution is its capacity for 
conducting cuiTcnt. "rhere is a close relation between the electrical 
conductivity find ionization. As only the dissociated ])art of the 
electrolyte is active in conducting current, it is clear tliat, otlier 
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conditions being equal, the more niolecailes ionized, tlit^ better the 
solution will conduct current. Therefore, by measuring the (;onflucti\ itv 
of the solution, we can calculate the degree of ionization of tlie mole¬ 
cules in it. A detailed descri])tion of the ])rocedure being beyond 
the scope of this t(ixtbook, we shall ju)t(^ only that the degrees of 
ionization of various electrolytes calculated bv the conduetivitv 


of th(‘ir solutions coincide (piite well 
with the r(JS])ect.i\ e values ol)tained 
by the cryosco))ic method. This was 
in its time oiu' of the im j)ortant factors 
which led to universal recognition 
of Arrlumius's theory. 

Making use of the relatioji be¬ 
tween the conductivity and the 
degree of ionization, it can easily 
be shown by ex])eriment tliat the 
lattei' value increas(\s as the solution 
is diluted. 

Two long cof)]H?r plates several 
centinu‘tres a])art ar<^ lower(*d to 
i\w bottom of a rectangular vessel 
(Fig. 7t>) and connected to the 
|)oles of a l)attery of two dry cells, 
a galvanometcM* being cut into 
the circuit. The vessel is iirst tilled 
with distilled wat(‘r. The indicator 



Pig. 7t). Set-up for dornonstrating 
rise in eleciricul conductivity of a 
solution with dilution 


of the galvanometer will remain at rest, since water does not conduct 
current. Tlieti, a concentrated solution of caustic soda (sodium hy¬ 
droxide) is added carefully through a funnel with a long stem reaching 
down to the bottom of the vessel, so that the solution forms a thin 


layer at the bottom. The small number of Na* and OH' ions in the 


concentrat(>d solution tills the non-conducting interval w hich formerly 
existed in the circuit, and the indicator of the galvanometer is detiecteid 
a little, due to the ])resejice of a slight current. Now' stir the liquid 
in the vessel carefully. The dellection of the indicator gradually 
inen^ases, showing that the conductivity is rising: the indicator 
will stop moving only after the liipiid becomes homogeneous. Since 
the amount of caustic soda between the electrodes remains unchanged 
when the licpiid is stirred, the rise in the conductivity, from the 
standy)oint of Arrhenius’s theory, is due to an increase in the number 
of ions in the solution. Thus the degree of ionization of caustic soda 
increases as the solution is diluted. 


90. Strong and Weak Eloetrolyies. Measurement of the degree of 
ionization of various electrolytes has showm that different electrolytes 
dissociate into ions in solutions of equinormal concentration ver}^ 
differentlv. 
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An especially great difference in degrees of ionization is ohservcM! 
in tlie ease of acids. For instance, nitric and hydrocJdoric; acids break 
down almost coin])lctcly into ions in O.J N. solution: but carbonic, 
hydrocyanic and other acids ionize under the same conditions to 
very insignificant degree. 

Of the water-soluble bases (alkalis), ammonium hydro.vide is slightly 
ionized, M'hiJst the other nlknlis are greatly ionized. All salts, wit It 
very few excejitions, dissociate readiJv' into ions. 

The var-iety of degrees of ionization among different acids is due 
to the nature of the valency l)ond between the atoms forming tlu^ir 
molecuk's. 'I'hc more ])olar the bond betwecMi hydrogen and the icst 
of the molecule, the more easily the hydrog(‘n can split off, ami the 
more the acid will })e ionized. Besides, the degiee of ionization of 
electrolytes de])ends also on the cliarg(\s of tlie ions formed. For 
instance, with salts which already exist as ions in the solid form, 
the attraction between singly charged ions in the solution w ill obviously 
be weaker than bet\^ ecu miilticharged ions. Therefore, solutions 
of salts of the type X ' Y (such as NaCT IvNO.,. etc.) should contain 
less unionized molecules than solutions of salts of the ty])e X * \'- 
(('uSOj, ZnSO,. etc.), i.e.. the degree of ionization of the former 
should be higher than that of the latter, which is actually the case. 
Salts of th(' types X^ ^ or X Y 2 (Xa.>S().|. (.Vi(l2) obviously 
occupy an intermediate ])osition. 

Kleetrolytes which dissociate readily into ions ar(‘ known as strong 
el(‘etrolytes in contradistinction to weak (‘leetrolytes, which yield 
but insignificant quantities of ions in a(jueous solution. Solutions 
of strong el(‘etrulytes n^ain a high (conductivity ev(Mi at very high 
(‘oneentrations. On the contrary, the conductivity of solutions of 
weak electrolytes drops rapidly as the eoncccntration increase's. Strong 
electrolytes include? siu'h acids as hydrochloric, nitric, sulphuric and 
several otlu'rs, the alkalis ((‘\(?ept XH4()H) and almost all salts. 

Poly basic acids and polyacidie^ bases ionize by steps. Thus, for 
instance, sulphuric acid mokHuiles ionize* first accoreling to the eepiation 

] HSO/ 

or, to be more ])rec*ise: 

H2S()4 i H20.^ nso^' 

The* second hydrogt?n ion sjilits off according to the eepiation 

HSO^' H -f SO^" 

or 

HSO^' -i H.,() ^ H/)* q S()4" 

with much gre^ater difficulty, as it has to overcome the attraction 
of t Ik* doubly charged 804" ion, which, of e?ourse, attracts the hydrogen 
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ion more strongly than the singly (‘hargtnl HSO/ ion. Therefore, 
the second step oi ionization, or secondary ionization, as we say, 
takers place nnicli less intensively than the first stej). so that ordinary 
solutions of sul])huric acid contain hut a small (piantity of S()4"-ioii. 

IMiosphoric acid ll.jPOj ionizes in three ste])s: 

HM)/ 

H* 

HPO/' - H- 

molecules dissociate actively into H‘- and ion. 

ll^PO^'-ion behaves like a weaker acid, ionizing into H‘ and HPO^" 
to a smaller degree. H PO," ion ionizes like a v(ny weak acid, yi('Iding 
hardly any H*- and P()4'''-ion at all. 

Bases containing more than one hydroxyl radical in tlnar molecules 
also dissociate by stej)s. For instance: 

Ba(()H)2 ." BaOH- * OH' 

BaOH* .r Ba* * ^ OH' 

As to salts, vortnal always })reak up into ions of metals and 
acid radicals. For example: 

(^aClg- I 2(r 

Na.^804 2Na* -h SO4" 

Acid miLs, like j)olvbasic acids, ionize by steps. For instance: 

NaH(T)., Na' -r HVO,,' 

H( 0 :/ ^ H* ! (H)./' 

However, the degree of ionization in the second step is very small, 
so that a solution of an acid salt contains but an insignilicant (piantity 
of hydrogen-ion. 

Basic salts ionize into basic and acid radicals. For example: 

F(‘( 0 H)Cl 2 ^Fe 0 H * I 2 ( 3 ' 

Secondary dissociation of the ions of basic radicals into metallic 
and hydroxyl ions hardly takes filace at all. 

Table 13 gives the numerical values of the degrees of ionization 
of some acids, bases and salts in 0.1 N. solution. 

As the concentration is increased, the degree of ionization diminishes. 
Therefore, in very (concentrated solutions, even strong acids are 
ionized comparatively little. By way of example, the degrees of 
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Tiibk 13 

Decree of loniztition of Aoids,* Kasos and Salts in 0.1 N. Solution at 1 H'(^ 


J'^lrrlrolylc 


j l)(‘pre<* f)f 
i ]it'r (H-rit 


.lr/V/,s* 

H ydn^chlorif*. 

ll\ (Irobroniif*. 

H y<h'<>i<Mli(* . 

N i I ric* . 

Su!|)]niri(* . 

Sulphurous . 

l*lios[)horio. 

Jty(lroHu(»ric . 

Aoot ic. 

(/firbouic. 

ITyclro^rri sulphi<lo 

1 lydrocyanic. 

P>orio. 


Jinsr.s 

Ihiriuin hydroxido . . 
l\)tassiurn liydroxidt* 
Sodium }iydro\id(' . . 
.Arnmouiuin hydroxide 

Salts 

Polassium chloriilo . . 
Animoiiiuin rhiorido 

Sodium chloriih*. 

I'ot assium nil ra t (‘ . . . 

Sil\'(T nitralo. 

Sodium HcolaLe. 

Ziiio <di]orid<?. 

Sodium sul])hatc .... 

Zirie sulp}iai(^ . 

(’o])]>fT sul|)hato. 


IW\ 

02 

HHr 

02 

HI 

<♦2 

HNO, 

02 

H,S(), 

aS 

IL^SO, 

:{j 

H>(), 

27 

HF 

S.5 

( H.j(^()()Tl 

i.:{ 

H,(^0, 

0.17 

H,S 

0.07 

HON 

0.01 

H.,H(), 

o.ni 

IhKOH), 

02 

KOH 

so 

NaOH 

S-l 

XH4OH 


KOI 

S6 

NK 4 FI 

S5 

Nad 

SI 

KN().j 

S3 

A»N(), 

Si 

\a(dl.,(X)() 

70 

Zud, 

73 

Na,S(>, 

60 

ZnSOj 

\() 

OuSO., ' 

•to 


ionization of the C(jn(*t^ntrated acids usually used in tlu‘ laboratory are 
as follows: ... 

of loMi- 
/iilion, jjcr rent 

HydrochUaio acid (Ita p. c. .H(1) . 

Nilric^ acrid (62 p. c. HNO.,). 0.6 

Sulphuricr acid (05 p. c. tr^SO^). 1 


1m the (rase of jiolybasic acids th(‘ deforce of primar\' ioui/ation is fjiveji. 
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91 . Ionization Oonsianf. Sin(?o according to l.ho theory of Arrlicnius 
elcctrol3"tic dissociation is a reversible n^action, leading to a state 
of equilibrium betwecin the unionized molecailes and the ions, it 
()be^^s the Ijaw of Mass Action. Hence, the (H|uilibriuTn constant 
of this reaction (;an be‘d(N'ived in exactly the same way as for other 
rev(N*sible reactions. Take, for instance, an electrolyte, the molecule 
of which A')' breaks down into A''* and V ions: 

XY -^tX‘ I } ' 

Denoting the concenti'ation of unionized molecules by |A" r|, and 
the concentrations of the ions by |A"’j and |}^'|. we have at eejui- 
lihrium: 


The e(|uilibrium constant K is in this case (tailed the constant: 
ol* ionization or dissociation. Its value characterizes tfie ability of 
the electrolytes to ioniz('. indeed, from tlu^ ])revious equation it (^an 
!)(' s(MMi that the higher the v^alue of /\, the greater must be the con- 
(tentration of the ions at ecjuilibrium. i.e., the inoie the electrolyte 
is ionized. 

A definite ndation exists between the ionization constant and the 
degree of ionization of an electrolyte, making it ])ossible to ex})r(\ss 
either of these values in terms of the other. If C is the molar con¬ 
centration of an electrolyte Avhich breaks dow n into two ions, and 
its dt^gree of ionization in a gi\'en solution is a, the (^oiu^entration 
of each of the ions will be Cn, and the concentiation of unionized 
molecules T (1 a). Then the equation of the ionization constant 

l)ecomes 


(CaY 

C{l—n) 


K or K 


xr 


Tliis (Mjuation is the expression of Ostw^alcTs Dilution Law. It 
enables com})utation of the degree of ionization for various 
concentrations if the ionization constant of the electrolx te is known. 
On the other hand, if the degree of ionization is determined at anx' 
definite concentration, the ionization constant can (easily be com])ut- 
ed tlu^refrom. In these (calculations the (‘on(.*entration of unionized 
molecukcs is expressed in gram-molecuk\s (mol(>s) ])er litre. Accord¬ 
ingly, the concentration of the ions is expressed in gram-iems 
per litre. 

A gram-ion is a quantity of an ion the weight of w hich in grams is 
numerically equal to its w’^eiglit in oxygen units. For instanc^e, a gram- 
ion of ( 1 ' equals 35.5 gr., a gram-ion of OH' equals 17 gr., etc. 
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The o(|uiIil)riiini (‘oiistanl does not depend on the conoentratioti 
of the initial snl)stanees of the reaction. Therefore, if equilibrium 
actually exists in a solution of an electrolyte, the value of the ionization 
constant should be the same no matter what concentration of the 
solution it is calculated for. Let us attempt to carry out a calculation 
of this .^ort and thus veiity Arrhenius’s theory. 

V\'(' shall calculate tlu' ionization constant foi’ some weak elec¬ 
trolyte. acetic acid, for instance, which ionizers according to the 
c(|uation 

( ILjt’OOH H‘ i ('H.j(‘()()' 

|>roceeding. say, from a 0.1 N. solution. Th(‘ d(*gree of ionization 
of acetic acid in 0.1 X. solution (‘(juals 0.01 Substituting these 
figures into the equation of the e(iuilibrium constant 


wv get: 

A' -- ".I - tM» 0 ()ni 7 « or I. 7 (i l0 » 

Now we carry out a similar calculation for a O.tM N. solution in 
which tlie degree of ionization ecpials 0 . 041 : 


A' 0 .(M»(M» 17 r) or 1 . 7 '). 10 •> 


Th(‘s(‘ t wo values found for the ionization constant of acetic acid 
are in v(U’y good agrcHuncnt. They agree also with the values cal 
ciliated for other concentrations of acetic acid. Henc^e, the ionization 
of acetic acid, a tvjiical weak electrolyte, obeys the Law of Mass Action. 
The picture is entirely different in solutions of strong electrolytes. By 

way of illustration, tlu^ r(‘sults of 
calciilationsof the ionization (constant 
of ])otassium chloride in solutions 
of various con(?entrations are given 
in Table I t. 

Here /\ is no longer a constant, 
as it does not remain invariable but 
increases with the concentration of 
the solution. Variability of is 
characteristic not only of potassium 
chloride but of any strong electro¬ 
lyte. Hence, the Law of Mass Ac¬ 
tion is obviously inajiplicable to 
strojig electrolytes. 


/ / 

loniKutioii of Potassium tlitoridr 
at is C 


K('l 

f‘(iiK‘oiilrat ion 


2X. 

1 0.712 i 

:i.52 

1 X. 

1 0.750 

2.34 

n.r) X. 

■ 0.7HS 

1.40 

O.I X. 

■ 0.S(i2 1 

0.530 

0.01 X. 

0.(M2 i 

0.1.52 
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ill the case of weak electrolytes, the theory of Arrhenius 
quite agrees with ex]Ku*imental data; hut for strong electrolytes it 
requires essential corrections. 

92. State ol‘ Strong J^leetrolytes in Solution. "riie theory of 
Arrhenius deriv^^s all its cfinclusions on the assumption that no 
perce])til)le forces act betwcfui the ifins in solution and that the 
mobility of the ions does not defiend on their concentration. But 
ions are electrically chanjtd jmriiclvs. Jf in solutions of weak elec- 
tiolytes where the ionic concentration is insignitic^ant, the forces 
of electrical interaction between ions may be neglected, in solutions 
of strong electrolytes this is not quite the cas(\ Owing to the con¬ 
siderable (umcentration of the ions, the mean distance between 
them is comparatively small. .For iiistaiH^e, in a saturated solution 
of sodium chloride the mean distance between the ions is only twice 
as large as in Nad crystals. Under siich conditions the forces 
of interionic attraction and repulsion are quite high. Tltese forces 
(rius(^ strong el(r*trolyt(‘s to deviate from the Law of Mass Ac*- 
1 ion. 

VVe now have at our rlisposal a well-de\elojied theory explaining 
(he peculiar behaviour of strong electrolytes in solution by making 
allowaiu'c foi* the action of interionic forces. Owing to the matiie- 
matical complexity of this theory, only a general idea of it can be 
given in this book. 

From investigations of ciwstal structure we know that salts, which 
are the most ty])i(*al strong electrolytes, consist of se|)arate ions, 
and not molecules, even in the solid form. But if there are no mole¬ 
cules as such in the biilk of the solid, it is natural to assume there 
are none in the solution of the substance either. Therefore it must 
be considered that all strong electrolytes are complctc}y ionized in 
aqueous solutions, independent of their concentration. However, 
in such solutions the ions are not (piite free, their motion being 
im])eded by mutual attraction. Owing to this attraction, each ion 
is surroimded by a sphere-shaped swarm of ions of the opposite 
charge, a so-called ‘ ionic atmosphere.” While the solution is in 
ecpnlibriuin, i.e., no chemical reactions, diffusion, etc., are taking 
|)la(;e in it, the ionic atmos|)here is symmetrical and the forces acting 
on the central ion caiu^el each other. 

If electrodes connected with a source of electric current are dipped 
into the solution, the oppositely charged ions begin to move in 
op})osite directions, each ion tending to leave its ionic atmos])here. 
l^ut the atmosphere th(^ ion attempts to leave keeps drawing it 
back, as a result of w hich the motion of the ion is retarcled, and there¬ 
fore the number of ions ])assing through the solution per unit time, 
i.e., the current, decreases. The higher the concentration of the solution, 
the stronger the retarding action of the ionic atmosphere and the 
lower the conductivity of the solution. Hence the impression that 
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the iiiiiilhor of ions in solution decreases with growhig eoneentra- 
tion. Aetnally, however, ionization is eoniplete at all concentrations: 
therefore, bv nieasiiring the eondnctivitv. we can determine only 
the appatTnt (U(jrev of ionization. 

1"he forces of int('Ti()nic attraction and repulsion affect the measured 
osmotic ])ressure in a similar manner, so that despite com])lete 
ionization, the lattej* is lower than niight he ex])ected for a doubled, 
trebled, etc., number of parti(*les. For tlie same reason, the ability 
of the ions to enter into chemical reaction is weakened. In brief, 
all tlu^ ])rope!‘ties of a solution of electrolyte which depend on the 
con(*entration of its ions manifest themselves as if the number of ions 
in solution were smaller than that corr(‘sponding to their concen- 
Iration (in gram-ions per litre), calculated on the assumption of 
com|)lete ionization of the molecules. 

'J'n (‘vnlniUi* this ability of ions to ent(*r into roMctioti, a. 

is now (‘inploycd known as th(‘ activity. 77a- adiriftf ol an ion is its tfjvL'tirc 
conrrtitiintnl ronccnirafion, accordimj to uhich if arts tlnriin/ chrmicftl rrarfions. 
Tlii' activity of an ion ('(pials its conotMitralion rnultipliod b\ a certain fra.ction, 
called its activity cocfticiciit. An activity coid'ficient l(*ss thati I nteaiis that 
tlie actions of t h(* ion ar(‘ lirnit(‘d: if tlu* activity co(‘ffi(ri('nt ('(|na]s I, tla^ act ions 
of the ion are Jiot liind(*red. 'fhe latter is true onl\' of xery dilute' solutions, 
in which the ions are so far apart that the inte'rionic forces may he j)racti- 
cally neglected. 

If the aertivities of ions are nseel inst(*ad of tlu'ir conce^ntrat ions, the' baw 
of Mass Actieen becomes applicable to strong (‘Iectr«>ly1es. 

Thus, in contradistinction to the conoe])tion8 of .Arrlienius, the 
pres(mt-(hiy thecwv of ionization assumes that stiong ele(?trolytcs 
are ])racti(^ally completely ionized. Therefore, if we sometimes S])eak 
of the d(‘gree of ionization of strong electrolytes, we really mean 
tlie apparent degree of ionization found by the conductivity or 
c r V osc^o pi c met Ik )d . 

93. rroperties of Acids, Hascs and Salts from the Foiiit of View of 
the lofii/aiioii Theory, in the foregoing ])aragraj)hs we have become 
acquainted with the I'heoiy ol' Ionization. Now we shall examine 
the jiroperties of substances—acids, bases and salts which are 
electrolytes in ac|ueous solution, on the basis of this theory. 

1. Acids. As we know, aedds have the following generic projier- 
ties: 

a) sour taste; 

b) ability to change the cok)ur of many indicators, ])articularly 
to turn litmus red: 

c) ability to dissolve (certain metals with the evolution of hydrogen; 

d) ability to react with bases to form salts. 

All tlicse ])ro})erties of acids are manifested only in solution, more¬ 
over, almost exclusively in aqueous solution. For instance, dry 
hydrogen chloride and its solution in benzene possess no acidic prop- 
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oj’ties at all, do not oven turn litmus paper red, but its solution in 
water, Jiydnx^hlorie acid, is one of the most t\j)ical acids; similarly 
anhydrous srdj)hurie aeid does not act at all on zine at ordinary 
temi)cratures, while its acpieous solution n^aets vigorously with zinc*, 
liberating hydrogen. 

As we know now, acjueous solutions of acids do not contain mole¬ 
cules, but mainly fre(> ions. It is clear, therefore, that tlie ])roperties 
of such solutions must also def)end on tin; ])ro])erties of the sej)arate 
ions and not on int(*gral mokHules. 

Since tin; formation of hydrogen-ion is a ([ua non in the ioniza¬ 
tion of any acid, all the properties common to aqueous solutions 
of acids must be attributed to 
hydrogen-ion or, more ]>recisely. 
to oxonium-ion. It is they that 
turn litmus red. react with metals, 
account for the sour taste" of 
acids, etc. When the hydrogendon 
is removed, as by neutralization, 
the acid proj)erties disaf)pear. 

Therefore the Th("ory of Ionization 
defines acids as electrolytrs which 
ionize in acfneons solution to fornt 
hydrogen-ion and yield no other 
positively charged ions. The last 
l)hrase is necessary because cer¬ 
tain acid salts, such as KHoPOj 
or NaH S()4, also split oft' hydrogen 
ions in aqueous solution, at the 
same time yielding [)ositively 
charged metal ions.* 

Acids in which the above* ])rop- 
erties an* well ])ronounced, are 
called stroiigacids. ISince tlie bearer 
of the acid properties is hydrogen- 
ion, the higher the concentration 
of the latter in the aeid solu¬ 
tion at any definite dilution, i.e the better the acid ionizes, the 
stronge it will be. Examples of strong acids are hydrochloric and 
nitric acids, which are ])robably comf)ietely ionized, but in 0.1 N. 
solution have an a])|)arent degree of ionization of ap])roximately 02 
p(^r cent, due to the electrical interaction between their ions. On 
the other hand, acids with low degrees of ionization, such as acetic, 
carbonic and otheis. are considered weak. 



Fi^. 77. .AjjparfUiis for rc)m 2 )ariiig 
viirious a,(*i(ls with resjXM't to rate of 
yOrojron lihcration 


* ilydrogcm-ion may form also when salts of h('avy nwjtals arc dissolved 
in water, due to intcracdioii between the' mc'tal cations and water (sop § .102). 
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Tims the measure of the strength of aeids is their degree of ioniza¬ 
tion. 

The strength of acids can he judged I)\' various reactions. 
way of example we may indicate the i*ate of Jiheration of hydrogen 
from \'arious acids during their reaction with jnetals. 

l?erform the following experiment. Pour normal solutions of hydro¬ 
chloric, phos])horic and acetic acids into se])arate small flasks. Throw 
an identical ]hece of zinc or magnesium into (^ach flask and close 
them (piickly with sto})pers carrying gas delivery tubes the outlets 
of which are immersed in a water hath under inverted burettes 
(Fig. 77 ). 

Mydrogtni will be liberated the most rapidly by the hydrochloric 
acid, much more slowly by the phosphoric acid and very slowly by 
the acetic acid. Thus, if Ave judge thc^ strength of the acids b\' the 
rate of liberation of hydrogen, the strongest of theses llu’iu* acids 
is hydrochloric and the weakest, acetic, this being in full agi*(‘ement 
Avith their respectiv'e degrees of ionization. 

The difference in strength of acids is gradually smoothed over 
as they are diluted, since with inen^asing dilution tlu* degree of 
ionization of all electrolytes grows, ap|)roaching 100 per cent. With 
A'cry high dilution all acids and bases an' ionized almost com])letely, 
i.c., are equally strong. How'ever, we must- not conclude from this 
that the more dilute an acid, the more vigorous its action. Actually, 
the action of an acid depends on the concentration of hydrogen-ion 
in its solution, which in its turn de|)ends both on the degrw of ioniza¬ 
tion and on the total com^entration of the acid. Although the d(‘gree 
of ionization ima'cases as the solutioji is diluted, the^ total concentra¬ 
tion of the acid decreases, and, moreover, usually more lajiidly 
than the former grow^s. Therefore, in dilute solutions the concc'u- 
tration of hydrogen-ion is always loAver than in coneemtrated. 

"I'his is easy to see in the 
case of hydro(;hloric acid 

Dcsrrpo of Ionization and Hvdrospn-Ioii l’>)- 

(tmeentraiion in 11(11 Solutions Aqueous solutions 

of bases ]>ossess the following 


nv\ 


Hydrc 

generic properties; 

coiiornirati 


looiitrat ion, 
ions jx'f lit n- 

a) a peculiar "soapy” taste; 

b) ability to change the 

1()N. 

12 

J.2 

colour of indicators iiiA-ersely 

1 N. 

7S 

0.78 

to a(*ids, for instance, to turn 

0.1 X. 

<)2 

0.092 

litmus blue: 


c) ability to react with acids 
to form salts. 

Since the presence of hydroxyl ion is common to all solutions of 
bases, it is obvious that the bc;arcr of their basic jirofierties is 
hydroxyl-ion. Therefore, from the standpoint of the ionization theory 
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hiusefi are electrolyte,s irhirh ionize in a(jueou.s .solution, .splitfimj off 
hydroxyl-io7us. * 

I’he sti*eii^th ol bases, like that of acids, (fepends on Mie degree of 
their ionization. 7"h(' strongest bases an' sodiuiii hydroxide and 
])otassium liydroxide which an' ])?*oba})ly completely ionized in aqueous 
solution, although their a|)parent degree of ionization in 0.1 N. solution 
is about 00 ])er cent. Most bases are weak electrolytes. 

SalLs. Salts may be defined as ('lectrolytes which ionize uf)on 
l)eing dissolved in water to form positive ions otluT than hydrogen- 
ion and negative ions other than hydroxyl-ion. There an^ n(» ions 
common to acpieous solutions of all salts; tlierefore salts possess no 
common |)roperties. Salts, as a rul(\ are highly ionized, thc^ir ionization 
Ix'ing the higher, the lower the' valeiu'v of their ions. 

1)4. Jlydroxides and Their Ionization. All oxygen acids and all bases 
may t)e regarded as ])i*oducts of combination of the corresjKuiding oxides 
witli water and they may be united under the common Jiame of 
liydraled oxides or hydroxides. For instance, sulphuric acid may be 
i*('garded as the li\'(lrated oxide of liexavalent sulphur, nitric acid, 
as the h\ (hated oxide of f)entavalent nitiogtm. etc. 

(1assiti(.‘ation of hydrated oxides as acids or bases depends on the 
ions they yield in aqueous solution. If hydrogen-ion is formed upon 
ionization, tlu^ hydrated oxide is (talk'd an acid: if it ionizers. yic'Iding 
hydroxyl-ion, it is class('d as a bas('. 

In this connection, two ty])es of ionization of hydrated oxides may 
be distinguishc^d: 

the acad type of ionization: 

() H iU)' i H- 

and the base t\q)(' of ionization: 

U ; O - H ir i OH' 

Thus, when hydrated oxides ionize, tlu' ruptme may occur either 
at the bond between the oxygen and the hydrogen (aend ty])e of 
ionization) or in that l)etw('en the element It and the oxygen (base type 
of ionization). The ty])e of ionization depends on the ])osition of the 
element 11 in the Periodic? Table, determining the relative strength 
of the bonds bc'twcM'ii the edement and oxygc'n, on the one hand, and 
betwe^en oxygc'ii and liydrogc'ii, on the other. 

Knowing the jiroperties of the hydrated oxide, i.e., wht'ther it is 
acadic or basic, we write its formula accordingly, putting the hydrogen 
in front of it if it is an acid, or the metal, if it is a base. For instaiue, 

* Sonu' salts, vvhi'ii dissoKcd in watc'r, also gi\’e ris(' to hydroxyl-ion, but 
the lattc'r oviginatos from tlu‘ walor riioleviiles and not from the .salts (scm* § 1(12). 
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boric acid is ie])resented by the formula H-jBO.j and not B(()H)3; ferric 
hydroxide by the formula Fe(()M)3 and not H3Fe()3. 

Besides acidic* and basic, there exist also amf)hot(^ric hydroxides 
which, dej)ending on the m(*dium, may behave either as acids or as 
bases. Examples are Zn(()H).2, A1(()H)3. etc., with which we shall 
become acquainted when we come to the metals. 

Am])hoteric hydroxides react both with acids and with alkalis to 
form salts. For instance, zinc hydi*o\ide dissolves in acids, forming 
zinc salts: 

Zn(()H)2 i H 2 S 04 -ZnS 04 | 

but zinc hydroxide dissolves also in alkalis, acting in this c^ase as 
zincic acad lUZnOo and forming salts of this acid: 

H^ZnO. I 2Na()H:-Na2Zn()2 ; 2 H.O 

Jn ])ractice, the nature of hydrated oxides and the class tliey belong 
to ai’e (‘stablished eit her by means of indicator's, if they ai'c solul)le 
in water (soluble acids, alkalis), or by th(*ir attitude towards acids 
and alkalis, if they are not. Acid hydr*o\ides dissolve in alkalis but 
are insoluble in oth(‘r acids: basic hydr*oxides dissolve in acids but 
are insoluble in alkalis, and am])hoteric hydroxides dissolve both in 
acids and in alkalis. 

The composition of any hydi'oxide ought to be expirssed by the 
general formula .ll(()H)v. where .r is the valency of the ekmient W. 
Howev(T, liydioxides, in which the valency of B is gix'ater than two. 
often s])lit off part of their* water to form com])()unds with lower- 
water contents. For instance, the hydroxide of trivalent chr*omium 

() 

can exist in t he form of( V(()H).,. but also in the form ofCr . Kle- 

OH 

merits liaving a valency of mor*e than four seldom form hydroxides 
with a com])lcte number of hydroxyl g7*oups. Thus, j)entavalent 
phos])horus should have had a hydrated oxide of the foi niula B(()H).r,. 
but orthojihosphoric acid, the highest hydroxide*- of phosphorus in 
hydrogen, (contains only three hydroxyl radicals. Its formation from 
])hos])iioric anhydride F3O5 and water may be re])r*esented as follows: 

OH OH OH OH 

' *> 1 ' O H - 2 P- O (or HaPO,) ! 2 H2O 

/ 

OH OH OH 

h]xperi mental data shenv that the atoms of the elements in the second 
period can be chemically linked w-itli not more than tliree oxygen 
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() 

atoms. Tliereforv, the formula of iiitrie acid is HXO.j or HO — N 

() 

HO 

hut not (H0)5N : the formula of carbonic acid is or .(' -=() 

“ ‘ HO 

and not (HO)4(\ 

Atoms of the elements of the third and fourth jKuiods aie usually 
chemically linked directly with as many as four «)\ygen atoms, as can 
l)e seen from an examination of th(‘ formulas of their hydroxides; 



Silicic 

13 iosj)lM)ric 

Sulptiiiiif 

PtTcliloric 


acid 

acid 

scid 

acid 


H4Si04 

H:,T*04 

HjSO,, 

H(^104 

HO, /OH 

HO 

HO 0 

() 


Si 

HO F-0 

S 

HO 01 O 

HO OH 

HO 

HO O 

0 

( 

Jf'rmanic- 

A rst'iiic 

Si'lciiir 

I’cnviiiujrtinic 


iicid 

/ici<I 

acid 

a<‘i<l 

1 

H/JeO^ 

H.,AsO, 

H,.Se04 

HMnOj 

HO 

O H 

\ / 

HO 

HO 0 

0 


Vie 

HO As - () 

Se 

HO-Mn 0 

HO^ 

\OH 

HO ' 

HO 0 

0 


Acids like metasilicic H.^SiOj^ and metaphosphoric H PO.^ seem at 
first sight to he exce])tions to tins rule. However, the formulas given 
above for these acids are their empirical formulas, and do not rellect 
the true com])osition of their molecules, which, according to present- 
day data, corres])onds to the formulas (HoSi().{).v and (HIH)3).v, where 
.r equals thi’ee or more. 

The largest number of oxygen atoms which can be grouped around 
th(‘ atom of an element of the fifth period (in its eorres])onding valency 
state) eipials six. Kxam])les are telluric and periodic acids: 


3\^lluric iicid 

H«TcO« 


arid 

H5l0« 


HO /OH 
Ho\e" OH 
HO/ \OH 


HOx^ OH 

HO y" O 

HO ' \0H 


I'hijs, the coni]»<)sition of hydroxide molecules is determined not 
only by the valency of the elements (which in its turn depends on the 
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group of the element in the Periodic Table), but also by the f)erio(J in 
w'liicih the element is located. 

95. Shift of Ionic Eiiuilihria. Like any other eliemicat equilibrium, 
the etjuilibriiim exist ing in solutions of electrolytes between their ions 
and unionized molecules remains unaltered as long as the external 
conditions are the same; any change in these (conditions (anises a 
shift of e(iuilibrium in one dinMdic^n or the other. We have already 
se(m that increasing the volume of the solution by adding w ater to 
it shifts the equilibrium towards tluc formation of new' quantiti('s of 
ions (the degree of ionization ris(cs): d(a*reasing the volume by evapora¬ 
tion causes the reverse effect. 

The e(|uilibrium is disturbed also if the concentrat ion of one of the 
ions in the solution is alterc^d: an increase in the concientration wall 
sliift the e(]uilibrium towards the formation of unioniztal molecukas. 
simultaneously de(Te«asing the (concentration of the other ion. For 
instance, if a solution of an acetate salt containing a large amount 
of (’H.,(’()()'-ion is add(cd to a. solution of accetic acid, 
which ionizes ac(‘ording to the (‘(piation 

('H.,(X)OH H - -f 

the ionization equilibrium shifts to the left. i.e.. the degree of ionization 
of acetic acid falls. l l(‘nce. we (‘onu* to the conclusion that the introduc¬ 
tion into the solution oj n ireak etfctroli/te of like ions (i.e.. ions i(l(Mitical 
to one of the (‘l(‘ct rolyte ions) decreases its degree of ionization. On the 
other hand, lediicing th(‘ coiuentration of one of the ions causecs new’ 
])orti()ns of tlu* inohncules to ionize. For instance, if hydroxyl-ion is 
inti’oduced into a solut ion of the above acid the ionization of th(‘ acid 
increa.ses due to f)indiMg of the hydrogen-ion. 

L(‘t us (‘xainine one more important case of equilibrium shift, namely, 
in a saturated solution of eleertrolyte. It was stated on |)age 211. that 
w'lum a solid is dissolved in water it stops dissolving as soon as the 
solution becomes saturated, i.e.. as soon as a state of ('(|uilibrium 
is reaclucd b(‘twe(Mi the solute molecules still in the .solid and tho.se 
already in solution. When strong electrolyte's, such as .salts w ith ionic 
ci’ystals. ai*e di.ssolv(*d. .separate ions and not mohccult's. pa.ss into 
.solution and (M)n.se(pKmtly (ccpiilibrium in .saturated .solutions is .set iij) 
Ix'tween the ions whie-h have pass(‘d into solution and the solid phase 
(^f the .solid(c or. more ])reci.sely, betwicen th(c frtce ions in .solution and 
the bound ions in the .salt ciy.stals. For instanc'c, in a .saturated solution 
of cal(*ium sulphate, FaSO^, the following (xpiilibrium should (‘xi.st: 

(^a (SO4) } SO.," 

ImhuuI itms in fn*o it>ns in 

Th<'> solid .suit solution 
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Applyiiij^ tho l^rivv oi Mass Artioii to this hi't-erof^ojieoiis e(jiiilil)riurn 
and keeping in mind that the eoneentration of the solid phase is not 
ineliuied in tln^ expression for the (^ipiilihriiiin constant (see p. I«S 4 ) 
w(^ niav write: 

((^a-*l-|S()/J.--A: 

1 lius, 'i?i (I fidtwrftif'd solution oj u slightly soluhlc rh cfrolyti‘ the product 
of the ciyiiccntrcUions of its unis is consUint at any definite temperature. 
As this value eharai^terizes the ability of tlie electrolyte to dissolve, 
it is called the sohihility prodiiei of the electrolvte and is desijrnated 
by 8P. 

Replacing K in the above ecjuation by SINhso,. we get: 

S I \ ’as< — f Pa * * I ‘ 1 S() j" I 

The numerical value of the solubility product can easily be found 
if we know the solubility of the electrolyte. For instance, the solubility 
of calcium sulphate (JaSO.j at 2 (F P is 1.5 . in - moles ])er litre, 
meaning that one litre of saturated PaSO^ solution at 20"^^ ( ' contains 
l.f) x 10 “ moles of PaSO^. Since each PaS()4 “molecule" upon ioniza¬ 
tion yields one ('a* ' ion and one SO^" ion, the concentration of each 
of them evidently ecjuals 1.5 :< 10 - gram-ions per lit re. Therefore, the 
solubility product of calcium sulphate is 

SFcmsOj ■ ■ [(^a ' ‘ 11 SO4" I 1 .0 • Pl “ 1.510 ■ - 2.25 • 1 0 

rh('ah(»v<‘(‘ulculai ion, (‘arried out on tli(' Oasis oft lio classical ilicoi'v of ioniza¬ 
tion, is .not <cnl(* exact, as it makes no alIo\\an<*e tor tli(' iiitlu(*nc(‘ of th(‘ elec- 
trosiaticr forct's acting het\\(*(‘n the ions on the solubility of 1 he eK*cl n)Ivt(‘. 
li'this influence is tak<*n into account, th(‘ value obtain(‘(l for C"aS()4 is a. link* 
sinalk'r. Iji tht' case of very slightly soluble t'leclrolytes tli(‘ inflia*nc(^ of these 
forces may h(' la'glected. 

It is clear that when the electrolyte molecule contains two or moie 
identical ions, tlu^ concentiations of these ions should be raised t-o 
the corresponding power when calculating the solubility ])roduct . For 
exam])le: 

sp,Md,-iPb“j.[rf 

Now what will happen if to a saturated solution of calcium suljdiate 
we add anotliei*, moie soluble electrolyte containing a common ion 
with calcium sulphate, say, ])otassium sul])hate? Owing to the imwease 
in the concentration of 804"-ion, the equilibrium existing in the solution 
will evidently begin to shift towards tlie formation of solid Pa8()4. 
In other words. Pa* *- and S()4"-ioiis will be removed from the solu¬ 
tion, forming a pre(i])itate of PaS04, until the ])roduct of their con¬ 
centrations again beciomes equal to the solubility product of ('aS04. 
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As a result, the amount of calcium sulphate in solution will de 
crease. 

The truth of tlic above can easily l)e demonstiated ex])erimentally 
by adding a little concentrated KoSO j solution to saturated solution 
of calcium sulphate. A white crystalline ])recipitate of (ViSOj is im 
mediately thrown down. 

'J'hus. we come to the (conclusion that the HoluhUitj/ of nn ehcirolylt 
d(rcr(‘asei< irfioi likr ions arc hit rod tic vd into its ^solution, h^xeceptions 
to this rule are those cases when one of the ions in solution is l)()und 
by the ions introduci^d l(‘ading to tlu' formation of larger ((compl(‘x) 
ions. 

It follows from this that a precipitate of any slightly sohi])le (di'ctro 
lytc will form during a reaection whenever the ])r()duct of the comen- 
tratiems of its ions in solution exccH'ds its solid)ility ])roduct. 

Tlie solubility ])ro(luc*t rule makes it possible to solve numerous 
|)roblenis hivolving the formation or dissolving of precipitates during 
chemical rcN'ictions, this being es])ecially important for aTialytical 
chemistry. It must, however, be k('])t in mind that the solubitity 
product is (I const(int only for sJoihtly soluble substances and under th(‘ 
(Condition that the concentrations of the like iojis introduced into the 
solution are not too high. In the (cas(‘ of soluble electrolytes, the 
])roduct of th(‘ (c()n(*(Mitrations of its ions in saturated solution may 
vary greatly, de|)ending on the piesence of giccaUu* or smaller (piantities 
of other substane(‘s.* Thercdbre, (calculations involving the solubility 
])r()duet rule lead to in(‘orre(ct results in these easels. Xev(>rth(d(\ss, the 
solubility product rule can be us('d succ(\ssfully for (pialitative ex 
l)lanations of various nNictions in analyti(cal clu'mistrv. 

9 t>. Reactions in Solutions of Kleelrolytes as Reactions Between 
Their Jons. Tlie chief value of the Theory of Ionization was that it 
threw an entirely new light on ivactions taking place between (electro¬ 
lyte's in aqueous solutions. When we dissolve a strong electrolyte in 
water we g('t a solution containing, according to ])r(\sent-day vi('ws. 
only ions, and not mok'cules. of the electrolyte. Kach ion has its 
characteristic })r()])erties. which it retains in any solution regardless 
of th(c pr(^s('nc(‘ of otluT ions. For instanc(\ hydroxyl-ion always turns 
litmus blue, giv(\s the solution a soa])y taste, (‘te., no matter what 
alkali we take. Thus, a solution of an electrolyte is essentially a mixture 
of ions (or their hydrates) and wato molecules. Hence it is ch^ar 
that when solutions of two strong electrolytes ai*e mixed, only their 
ions, and not their molecules, which do not exist in solution, can enter 
into rea(ition. 'J'hcrefore, the result of the reaction must depemd 
exclusively on the kinds of ions contained in the initial solutions. 
Let us examine, for instance, the reac'-tJons which take place when 

* 'These' (‘hang('.s take place* <lu(' to changes in the activity c()cffici(?nts of 
th(* ioiLs. 
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2H7 


solutions containing silver salts are inixecl with solutiojis of various 
chloride salts: 

AgNO, } Xa( 1 --.-AgCl -f NaNO^ 

Ag,S(), I Agri I ("uSO, 

AgC^HaCOO : K(^l - ;AgCI f KCH,,(X)() 

in all cases a charact(‘ristic while curd lik(‘ ])r(;ci|)itate of insoluhlc 
silv(‘r cliloride is formed. 

The a])|)earan(^e of the same pr(>ci])itate when thrt^e pairs of absolute¬ 
ly diflerent substances react is diflicult to explain on the basis of the 
molecular theory. If the formation of the pn^eipitate is attributed to 
the fact that the reactants contain the elements chlorine and silver 
in all cases, a whole seri(‘s of examples can l)e cited where uiideT similar 
conditiojis no silver chloride results. For instance, if a solution of 
jiotassium chlorate Kf'lO.^ is treated with a solution of silver nitrate 
AgXO.,. no precipitates will form in spite* of the pre*s(‘mse e)f chlorine 
in ]K)tassium chle)rate. Xo ])recipitate a])])eai's either when variems 
organic (*om])oun(ls containing chlorine, such as e-hloroform t’HCTj, 
(*lilor|)icrin ('(TjXOo or others are aeteel on by silver salts. 

Hut tlie*se' difticullies imiiu‘eliately elisa])])e*ar if we take the stanel- 
poiiit of the ionization the‘ory. Xot the initial substances as such, but 
the i )ns they form in solution, enter into the leaction. All solutie)nsof 
silvei* salts always eemtain Ag‘-ion together with other ions, and all 
the solutiems e)f chloride* salts e‘e)ntain (T-ion. In mixing the\se solutions 
by pairs we make |)ossible* a reaction between the same* ions, namely 
chloride anel silver ions, and there*fore we ge*t the same precipitate, 
silvei- chlea-ide. in all thive e‘,ase*s. Fvieleuitly, silver chloride will result 
e*ach time silver~ie)n encounte*rs chloriele-ion in solution. 

Thus, with the aid of silv(*r-ion we can easily detect the pre^semc^e 
of chloriele-ion in solution anel vice versa, with the aiel e)f chloride- 
ion we can detect the presence e)f silver-ion. Hence (.I'-ioii can se>rve 
as a test for Ag‘-ion, anel Ag*-ion, as a test for (’r iem. But if chle)rine 
is piesent in se)IutioTi[ in any other form than free (T-ion. i.c., as a 
constituent of other ions or unie)iiized niolecules. silver-ion wdll be 
of no hel]) in disc()ve*ring the presence of chlorine. 

It was stated abe)ve that pe)tassium chlorate and organic compounds 
containing chloi*ine give no AgCl ])reci])itate when aeiteel upe>n by silveu' 
salts. This is due to the fact- that ]K)tassium chlorate ionizes accoreling 
to the eeiuation 

KdO.,^ K - fdOg' 

so that it s solutiem contains no (T- ion, while the abe)ve organic chlorine 
ce)m])e)unds do not ionize at all. 

All the above leads to the conclusion that reactions between electro- 
hjtes in solution are reactions between their ions. 
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97. Ionic Kqualioiis. Ordinary chemical equations make no allowance 
for the ionization of molecules and therefore to express the nature 
of reactions Avhich take })lace bet.Aveen electrolytes in solution ionic 
fyuotimus are used. Let ns derive such an equation for one of the 
reactions consideied in the pre\’ioiis ])aragra])h, say, for the reac¬ 
tion 

AgNO., I Nad - NaNO, ! ^Agd ( 1 ) 

To bring about this reaction we mix solutions of AgNO.^ and 
Nad. The result is a ])recij)itate of Agd. Avhile NaNO.^ remains in 
solution. 

Taking into account that the salts AgN()3. Nad and NaNO.j 
are c()m])l(dely ioni/ed in solution and that only the ]) 7 *eci])itate 
Agd consists of linked ions, eipiation (I) ean be rewritten as 
follows: 

Ag* rNO;/ i Na- : d'-Na* -; NO./ t i Agd (2) 

Now, Avhat change took ])laee when the solutions wen* mixed^ 
N()./-ion and Na'-ion were free before mixing and remained so after 
mixing. The reaction took ])lace only between Ag’-ion and (^I'-ion. 
whicHi combined to form insoluble silver chloride. Hence, NO./-ion 
and Na*-ion did not take ])art in the reaction. But tht^Ji there is Jio 
need to indi(*at(* their presence in the reaction at all, just as the 
presence of water oi* air has not been indicated in any of the foregoing 
reactions. Cancelling the sym})ols of these ions in both sides of the 
e(|uation Ave g(*t: 

Ag- !('r=-^Ag('l ( 3 ) 

Tliis is t he ionic c(juation of the reaction in (juestion. It is niiich 
sim])ler than the molecular ecpiation. and at the same time expresses 
the entire essence of the r(*action Avhich has taken |)lace. Obviously, 
whatever soluble salts of silver and hydroc^hloric acid Ave take, the 
reaction between them will be ex [pressed by tlu^ same ionic equation, 
since in all these cases the sanu^ chemical ])rocess takes place, namely, 
the union of silver-ion Avith chloride-ion to form silver chloride. 

Hence ionic equations, in contradistinction to ordinary molecular 
etpiations, do not ])ertain to any one reaction between definite sub¬ 
stances, but embrace a whole grou]> of canalogous reactions. 1'his is 
their main value and im[)ortance. 

9S. Mechanism olf E.xchange Ueactioiis in Solutions of Electrolytes. 
An enormous number of the reactions taking ])lace between electrolytes 
in a(jueous solution are of the exchange type. We shall tioav examine 
the mechanism of tluise reactions in sorneAvhat greater detail, })ro- 
ceeding from tlie assumption that strong electrolytes arc coTnj)letely 
ionized. 
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In the general form an exchange reaction can he expressed l)y tlie 
equation 


AH+ 01 ) ..AD I OB 


Suppose? AH and (d) are strong electrolytes, so that th(‘ir solu¬ 
tions contain only the free ions A*, H', 0 *'and D'. Then the result 
of the reaction will def)end entin^ly on the sohibilitv tind ionizability 
of the resultants Ai) and (JH. Two principal cases ai*e |)ossible: 1) the 
resultants are also strong electrolytes leadily soluble in water and 
2) one or both of the resultants are insoluble or aie weak el(‘ct rolytes. 

Let us examine some (concrete (‘xamples to s(>e what haf)])ens in 
both (‘ases. 

If we mix solutions of two strong electrolytes, say, sodium chloride 
Nad and jiotassium nitrate KNO.^, the reaction b(‘tw'eeii them 
can be ief)resent('d in the molecular form by the etpiation 

Nad I KX().j . NaNO^ l Kd 

Since the salts NaNO.^ and Kd are readily solulile in water it was 
formerly thought that this reaction is not com])lete and results in 
a state of e(piilibrium lietween the reactant and j‘esultant salts. 
Now’ we know' tliat all four salts, being strong electrolytes, are com- 
jiletely ionized. Therefore, ])assing over to the ionic equation of the 
reaction we may wi-itc': 


Na- I (T ! K* + XO^'- Na* i X()/ + K*-j d' 


Hence, it is obvious that w hether mixed or not, the solutions contain 
only the free ions: 

Na*, K*, d' and NO3' 


Thus, from the standjioint of the ionization t in'ory yio reaction lakes 
place at all hi this case. This (‘-onclusion is (tontirmed by the fact that w'hen 
sodium chloride and ])otassium nitrate solutions are mixed heat 
is neither evolved nor absorbed, showing that no chemical change 
takes placje. 

It is a different thing if one of the resultants is a weak electrolyte. 
Take, for instance, the reaction which ensues when a solution of 
sodium acetate NaC^H^CXX) is mixed with a solution of hydrochloric 
acid: 

NaCH,(X)() i RC\ - CH.,C 00 H f NaCl 

Before mixing, the solutions contained the ions Na*, (^H3(^)0', H* 
find Cr. After mixing the (-HgCOO'-ion and H*-ion in the solution 
unite to form unionized molecules of a weak electrolyte, namely, 
acetic acid (/H-jC^OOH. This continues until the quantity of H *-ion 
and CH3(XK)'-ion left in solution corresponds to the low degree of 




270 


Chuptor Xll. THKOHY OF KLKCTKOJATK’ IJISSOCUATiON 


ionization of acetic acid. As a result, tiie solution will contain Na’- 
and Cr-ion, ('H/'OOH rnolecndes and an insignificant quant-itv 
of H '-ion and CH3COO'-ion. Neglecting the latter, the rcac^tioji 
may be represented by the following ionic (Hjiiatioii: 

H I VV I Na- -f VH,,VOiy - Na* | VV f CH,,VOOH 
or. cancelling the ions not taking ])art in the reaction: 

ir 4 CIl 3 ( 00 CH^COOTI 

Hence, the entire reacdion reduces to the foi*mation of unionized 
acetic ac^id molecules from H'-ion and ('H3(X)()'-ion. Such a reac¬ 
tion is called dis])lacement of a weak acid from its salt by a strong 
acid, because during the reaction the strong acid (hydrochlori(r) 
is replaced in the solution by the wc'ak acifl (a.c(‘tic). 

Another exam])le of a reaction during which a slightly ionized 
substance forms, is the reac'tion of neutialization of strong aevids 
by strong })ases, such as: 

H (1 ; NaOH -NaCl f 1 L() 

Since one of the substanec^s formed during this reaction, namely, 
wat(T, is ])ractically hardly ionized, we get, passhig over to the ioni(t 
ecplation: 

M • _i (V 4- Na* ! OH' - Na* ! CT 4 H.O 

H fOH'-lIaO 

The latter etpiation (‘xj)r(‘sses the process of jieutralization f)f any 
strong acid l)y any strong base in terms of tlu^ ionization theory. Then'- 
fore, neutralization reduces to th(‘ formation of wat('r molecules from 
hydrogen- (or oxonium-) ion and hydroxyl-ion. 

As any n^action consisting in the neutralization of a strong acid 
In- a strong base involves only the union of hydrogen- and hydroxyl- 
ion. the quantity of heat liberated during such reactions should 
always be the same, independent of the natiu’t* of the ac^id or bas(\ 
This conclusion is actually confirmed by experiment: when any 
strong acid is neutralized by any strong base about III.S (Vil. of h(‘at 
are evolved for each gram-molecule of Avater formed: 

H(‘l i NaOH - Na (1 + H5,()-f I 3 . 75 Cal. 

HN()3+ KOH - KNOad- i;k 77 (^al. 

HOI I KOH - KV\ I H.,0 I 1 : 1.75 (^al. 

Reactions similar to those of the formation of weak electrolytes 
take ])lace also when one of the resultants is insoluble and is evolved 
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as a precipitate or a gas. l"he above-nieiitioiied reactions between 
silver salts and chloride salts may be cited as exanijiles, these reac¬ 
tions reducing to the formation of insoluble silver chloride from 
silver-ion and chloride-ion: 

Ag- + Cr = |AgCI 

Of course, there are no absolutely insoluble substances and there¬ 
fore, when silver chloride forms, a certain amount of silver-ion and 
chloride-ion, corresponding to the solubility product of AgOl, re¬ 
mains in solution. Since this (juantity is insignifictant, it is neglected 
when the reaction is r(‘|)resented by an ionic ecpiaiion. In exactly 
the same w^ay w'e dei’ive the ionic ecpiations of other reactions accom¬ 
panied by the formation of very slightly soluble substances. 

Noav let us see liow the rea(‘tion ])roceeds when one of the reac¬ 
tants is a weak electrolyte. Of course, if tlu^ substances formed as 
a result of the reaction are strong electrolytes, no reaction will occur, 
as is the case, for instance, when solutions of (MI.j(X)OH arid KOI 
aie mixed. But if one or both of the resultants are still weaker elec¬ 
trolytes than the reactants the latter may undergo almost (H)m- 
])lete change. Consider, for instance, the neuti'alization of ac(>tic 
acid by sodium hydro.vide: 

CH^COOH \ NaOH Na(lI,(X)()MI,() 

If we mix solutions of acetic acid and sodium hydroxide, we 
get a solution which will at first contain Ma -ion and OH'-ion. 
as w'ell as a small (piantity of H ‘-ion and CH^COO'-ion in equilibrium 
with unionized acetic acid molecules 

(^H,(X)()H ^ H* ! (^H.,(^ 00 ' 

H*-ion and OH'-ion combine to form molecules of practically 
unionized water. As more and more hydrogen-ion is bound, the 
equilibrium between the molecules of acetic acid and its ions is 
disturbed and new’ molecules begin to ionize. This process will con¬ 
tinue until all the molecules of acetic acid become ionized. 

'rims, two ])rocesses take place simultaneously in the solution, 
namely, ionization of acjetic acid molecules and formation of water 
molecules from liydrogen-ion and hydroxyl-ion. All this can be 
re])resented by the following scheme: 

(;H.,(X)()H r H • + OHaCXX)' 

H" 

NaOH -> OH' I Na‘ 

I 
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It would be incorrect in this case to re])resent the neutralization 
reaction by the same ionic equation as the neutralization of strong 
acids by strong bases, i.e., 

K- fOH' - H^O 

as there had been almost no free hydrogen-ion in the initial solution. 
The hydrogen-ion formed gradually in the course of the reaction 
from the acetic acid molecules: hence, the acetic a(*id mohnniles 
also ])articipated indirectly in the reaction, sn])])lying more and 
more hydrogen-ion as the latter was bound by hydroxyl-ion. 

To reilect this in the ionic equation, acetic acid is represented 
in its molecular form, in which it mainly existed in the initial solu¬ 
tion. 

i Xa- ^ OH'- 11.0 I Xa- | (T1.,(H)0' 
Cancelling like terms we get: 

(113(0011 OH ir.OH^cirjCoo 

This equation not only indicates the indirect ])arti(;i])ation of the 
acetic acid moI(‘cules in the reaction, but also shows that besides 
water molecules, a huge amount of CH3(H)0'-ion was formed as a 
result of the reataion, there* having been hai’dly any of these ions 
in the initial solution. 

Since the* neuti’alization of aeetie^ acid (contiury to that of strong 
acids l)y strong bases) consists of two processes, namely, the ioniza 
tion of acetic acid molecules and the formation of water molecules, 
the heat of jreutralization e(pials 13.3 Cal. instead of 13 .S Cal. Ob 
viously. 0.5 Cal. of heat is absorbed during the ionization of one 
mole of acetic acid. In other cases the absorption of heat during 
the ionization of a weak electrolyte may be (‘ven more considerable. 
For instance, during the neuti*alization of one mole of hy[)ochlorous 
acid HCIO by sodium hydroxide only 0.84 Cal. are evolved. 

The following general conclusion may be drawn from the above 
exam])l(*s of ionic reactions: 

An obli(jaiory condition for exchange reaction,s between electrolyte.^ 
l.H the removal of ions of one kind or aiwther from the solution as a result 
of the forwation of slujhtly ionized substances, or practically insoluble 
.sub.stances which come out of solution as precipitates or ga^es. In other 
words, reactions in solutions of electrolytejn always proceed, in the direc¬ 
tion of the formation of the least ionized or least .soluble substances. 
If no sub.stances of this kind can form during the reaction, it will not 
take place. 

Speeial note should be made of reactions during which no insoluble 
substances are formeil but, on the contrary, an insoluble substance 
dissolves under the action of a reagent of some kind. 
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(insider, for example, the dissolving of (ni])ric hydroxide by 
acids: 

Ci](()H). -| 2 HCl - CuClg i 2 H,0 

At first sight it may appear that this reaction contradicts the 
above generalization. However, there is no contradiction at all, 
as one of the conditions detcTmining the direction of the reactioji, 
namely, the formation of a slightly ionized compound (water) is 
fulfilled, this fii(;t being the reason why the cupric hyeboxide dissolves. 

To understand this process from the ])oijit of view of the ionization 
theory, it must first of all be taken into account that no substance 
is absolutely insoluble. Therefore, any li(|uid over a precipitate of 
arj “insoluble” substance is a saturated solution of that substance. 
]n the above? case it is difficult to say wliether the solution contains 
only Vu‘‘- and OH'ion or unionize?d Cu(()H)2 molecules as well, 
as the conditions of ionization of the hydroxides of heavy metals 
are not known well enough. 'Fhe chances are that such hydroxides 
form moh'cular latti(*es, and therefore, when dissolved, go into solu¬ 
tion first as molecules, which then ionize to a greater or smaller 
degree. If this is the case, two interrelated ec|uilibria should exist 
in saturated solutions of cu])ric hydroxide (^i(()H)2: one equilibrium 
between the y)reci])itate and the CidOH)^ molecules which hav(' 
])assed into solution, and another betwecMi these molecules and the 
ions they form: 

(I) (-*) 

Cu(OH),. ;->:(h(()H)o:r^(\r ' | 2 OH' 

ill procipitrtto in .solution in solution 


When cupric hydroxide is sulqected to the action of an acid the 
hydroxyl ions combine with the hydrogen ions of the acid to form 
unionizc^d water molecules. Their disapj)eai*an(?e immediately disturlis 
equilibrium ( 2 ), causing the ionization of new Cu(()H)2 molecules, 
which in its turn disturbs e(|uilil)rium ( 1 ), making ])art of the pre¬ 
cipitate ])ass into solution, "I 1 ic hydroxyl-ion formed as a result of 
ionization again combines with hydrogen-ion and so on, until the 
entire ])reci])itate jiasses ijito solution, ]:)r()vided theie is enough 
acid to tlissolve it comjiletely. All this can be re])resented as follov^^s: 

Cu(()H) 2 ^:"Cu** ! 2 OH' 

ill solution -j- 

2HC1->2C1' + 2H- 

2 H .,0 

The dissolving of precipitates of other insoluble clccitrolytes in 
water can be accounted for in a sijnilar manner. 


Cu(OH)., it 

ill pirciiiitHte 


18 
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In writing these reactions as ionic equations the electrolytes in 
])reci])itate should be i*e])resented as unionized substances on the 
sanie grounds as acetic acid was represtuited in tlie form of inoU'cuIes, 
when considering its neutralization by sodium hydroxide, '^hel■efor(^ 
tlie dissolving of cupi ic hydroxide in hydro(;hloric acid is ex|)n>ssed 
by the following ionic ecpiation: 

(ii(Oll)o : 2H (Ur I 2IL0 

Thus to a dUjhtbf soluhh dwtroUitv. onf of the io'n,s ,sent into 

.soltitioH tof that elect rot i/te niiost he hoinal.'^ d'his is achieved mostly 
t)y introducing into the solution ions which form a slightly ionized 
substance with the ions of the electrolyte. 

tMh Deriving Ionic Mqnations. The great majority (d' reactions 
we shall come across in studying the properties of the individual 
elements and their com|)ounds. take ])lace in solutions of (‘lectrolytes 
t)etween their ions. Therefore, it is very im])ortant to master the 
technique of deriving ionic (Mpiations. 

In the previous paragra|)h vve considered in detail typi(‘al exam- 
])les of ionic reactions. On the basis of all that was said there al)out 
ionic equations, the following order of deriving them may be recom- 
numded: 

1. Write out the ecpiation of the reaction in its mohaailai* 
form. 

2. Rewrite the equation leaving the insoluble or slightly ionized 
substanc(\s in the molecular form, and writing all the rest of tliem 
as the ions into which they bre^ak up. 

.‘k Oancel the ions that do not take part in the reaction, i.e., that 
are found in ecpial numbers in the left and right sides of the equation. 

To hel|) j*em('ml)(M' these methods we shall consider two examples 
of deriving ionic ecpiations. 


Examplel. I )(‘rivc t Ik* ionic c<|ua.lion oft he react ion hel wc'cn hvdroLrcn .sulphide 
(a acid) and copper sulphate; 

1) CuSOi r H.S ; (ViS . II.SOj 

2) rn * i SO," : H.S rnS ^-2 H* : SO/' 

:{) Cu - f HoS |(‘uS i 211* 


* I'he .sanu* conclusion can be deduced in another way l)y making us(* of 
(he solubility product iM)ncept (scm' ^ Uo). Indeed, in a saturated .solution of 
a slightly soluble* ('k'ctrolyte the product of its ionii; conci'jit rat ions is a cojislant. 
In binding ora* of the ions of tin* elei^trolyte by a(idin<j^ other* ions to thci solu¬ 
tion to form unioniz<Ml molecules with it, we low(‘r tlie [iroducd of ionic eon- 
eenti’ations of tlu* ele(rtrolytf*; the* .solution Ixv^omes unsaturated and has 
to dissoKe tlu* tireeijKtate in contact with it. 
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Example 2. l)(^nvi‘ tho Ofjutilion of UuM-om-lion hydroxide 

Hiid hvdi’cudiloric acid: 

1) I ; 2 H(M ; l*UV\.,-] 2 11/) 

2) i IM)(()H), u 2 ir ^ 2(r 1 PbCI, ; 2 H,() 

Notluiig f-ati lx* fancrllod from tlio latlor i-(jualion, as Vioth H‘ ion and ('P inn 
pari i(*ipat<* in tf.<* n‘a.«*li«ai. 

Witli a little jjraetiee. iotiie eciuatiojis can writtcMi out directly 
without going through the first and seeojid stages. For this purpose 
we niust ha\e a clear idea of: a) the formation of whitdi snhstan(;e 
causes t he reaction to ])ro(^(x*d; b) whether the ions luvded for its 
formation an? already in solution or result in the (course of the reac¬ 
tion from molecules oi* slightly ionized or slightly soluble substances. 
In this ease it is rnoj-e convenient to write the (Hpiation b(‘ginning 
with its second half. i.(‘., first of all to ])ut down tlie formula of the 
resulting substance, then the ions or ions and molecules jieeded 
for its formation, and tinally. the ions obtained as a result of the 
reaction. After this, the ))roper coeflicients must be sel(‘cted. 

To derive ionic equations, we must know wln(*h salts are soluble 
in water and which jiractically insoluble. Soiru? general information 
on the solubility in wat(M* of the most important salts of the most 
common Tuetals are giv(‘n in 'fable lb. 

Ttilih’ Hi 

Solubility of tlie Most liiiportaiil Suits in Water 



Solubility of salts 

\rl<ls 

UNO, 

All salts sohihh' 

11(1 

All salts soluhb* oxerpt Ag(1, did. 

Phd, and Hg,(1., 

fPS()„ 

All salts solubit* oxcapt HnSO^, SrSO^ and I1>S(b 

If,CO 3 

Of nnrinal sidts nnly sodiinn, potassinin and annnonium 
sails solidik* 


; Ditto 

11 .S 

Ditto 

Mcfdls 


Xa and K 

i Almost all salts soluble 


KK). loriizalioii of Water. One of the least ioiiized substances formed 
in reactions between ions is water. Pure water is a very poor con¬ 
ductor of electricity but still has a certain measurable conductivity 
due to the slight ionization of water into hydrogen- and hydroxyl- 
ion : 

\ OH' 

18 " 
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The ionization of water will bt? readily iinderstond, if it is taken into aeef)nnt 
tliat the bond b(4w^een the hydrogen and oxygeji atoins in water inok'eules 
is jiolar and similar in this respect t<» the bojid b('t\vt‘en the hydrogi'ii and 
lialorijen atoms in hydrogen hali<ltis. 

Th(^ nieelianism of ionization is the same in bolli eas(‘s: 

ionization of hydrogen chloride: 

HgO 1 H - CI:r^H3() +(M' 

ionizalion of water: 

H,() I H- O H !OH' 

The conetMitralion of hydrogen-ion and hydroxyl-ion in water 
can be calculated from the electrical c-onductivity of ])ure \vat(T. 
It has been found to equal 10 " grani-ions |)er litre. 

Applying the Law of Mass Action to tlu^ ionization of water, we 
may writer: 

[H-l X |OHM _ j. 

This equation may be rewritten as follows: 

(H'l . [OH'l -[H.()| - K 

Since the degree of ionization of water is v(u*v low, the concentration 
of unionized H 2 () molecules may be considered a constant value not 
only in water but in any dilutee aqueous solution as well. Hierefore, 
substituting the new constant Ky^^o for we get: 

[H-] •LOH']--Ah,(, 

'I'his equation shows that in the case of water and acpieous solutions 
the product of the hydrogen-ion and hydroxyl-ion concentrations is 
a constant value as long as the temperature remains unaltered. I'his 
constant is called the ion-product for irater. Its numerical value can 
easily be obtained by substituting the concentrations of h^'diogen-ion 
and h>Tlroxyl-ion into the above equation 

. 10 7 ,^10 14 

Solutions in which the concentration of hydrogen- and hydroxyl-ion 
is the same and equals 10~’^ gram-ions per litre each ore called neutral 
solutions. In acid solutions the concentration of hydrogen-ion is higher, 
and in alkaline solutions the concentration of hydroxyl-ion is higher. 
But whatever the reaction of a solution, the product of the H‘-ion 
and OH/-ion concentrations must remain constant. 

If, for instance, we add enough acid to ])ure wat(T to raise the con¬ 
centration of hydrogen-ion to 10~*, the concentration of hydroxyl-ion 
will have to decrease so that the product |H‘]-10H'J remains equal 
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to 10 Heiicc, in this solution the concentration of hych’oxyl-ion 
will he: 

10 

lOH'l- 

On the oth(>r liaud, if an alkali is added to wat(T, raising the con¬ 
centration of hydroxyl-ion, say, to 10 *'*, the concentration of Iiydrogen- 
ion will become: 


101. The Hydrogen-Ion Index. It can be seen from the examples 
given in the ])re\4ous ])aragraph that if we indi(;ate the concentration 
of hydrogen-ion in any solution, the concentration of hydroxyl-ion 
(^an Ik' calculated. Therefoie, both the degree ot'acidity and the (legree 
of alkalinity of a solution (tan be characterized (]uantitati\ ely by the 
concentration of hydrogen ion: 

neutral solution jll* 10 ’ 

acid solution |H‘ 10 ” (for exam])le 10 10 

alkaline solution |H‘ 10 (for (example 10 10~^^) 

At present this method of expressing the acidity or alkalinity of a 
solution has giN'cn ])la('e to another still more simple and (xmvenient 
method: instead of indicating the true hydrogen-ion concentration, 
we indicate the logarithm of the latter with its sign n^versed. This 
value is called th(‘ hydrogen ion index and is devsignated pH: 

pH logIH-] 

For instance, if [ H ‘ | 10" then pH — 5; if fH ’ | 10 then pH — 9, 

etc. Hence, obviously, in neutral solution pH - 7. In acid solutions 
pH < 7, and the more acid th(> solution, the smaller it is. On the other 
hand, in alkaliiu? solutions, pH : 7 ami the higher the alkalinity, the 
larger it is. 

These relationshi])s are shown graidiically by the following diagram: 


10 14 
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Then? are various methods of measuring pH values. Qualitatively 
the reaction of a solution can be determined by means of special 
r(?agents called indicators, which change colour depending on the 
concentration of hydrogen-ion. 

The most widely used indicators are litmus, phenolphthalein and 
methyl orange. Their colours in acid, alkaline and neutral solution 
are as follows: 




Litmus. 


R<*action of solution 


Acid Nculml ; Alkaline 

Krd : Violet : Hlu(^ 

(\»lourl(\ss (k)lourl(‘ss K.(‘(l 

K(m 1 Omri^i' Yellow 


The hydrogen -ion concentration is of great importance in very many 
cases. It has to be taken into account not only in chemical investiga¬ 
tions. but also in a great variety of industrial processes, as well as in 
the study of ])henomena taking j)lace in live organisms. 

102. Hydrolysis of Salts. The ionization of water into hydrogen- and 
hydroxyl-ion accounts for a very imj)ortant j)henomenon, called hydiol- 
ysis of salts. 

Hydrolysis* is, in general, any interaction between a substance and 
water, in which the constituent parts of the substance combhu? with 
the com])ositc jiarts of water. For example, phosjihorus trichloride 
reacts with water to form phosphorous acid H^POg and hydro¬ 
chloric acid: 

IH^3 r 3 H/) - H3r()3 -1 MCI 

In ])ractic(’! we esj)ecially often have to do with the hydrolysis of 
salts. 

Salts, as we know , can be obtained by the neuti*alization of acids 
by bases. It is natural to assume, therefore, that solutions, at least 
of normal salts, i.e., those which are products of complete dis])lace- 
ment of hydrogen in acids by metals, must react neutral. However, 
this assumjition holds only with resjiect to salts formed from strong 
acids and strong bases. Salts obtained from w^eak acids and strong 
b«ases, or, vice versa, from strong acids and weak bases, do not react 
neutral wdien dissolved in w’^ater. For instance, a solution of ferric 
chloride Fed 3 reacts acid, iFidicating, as we know^ the jiresence of 
hydrogen-ion (oxonium-ion); a solution of sodium hypochlorite NadO 
reacts alkaline, wdiich is characteristic of hydroxyl-ion; a solution of 
potassium cyanide KC^N (a salt of w^eak cyanic acid, H('N) also has 
an alkaline reaction, etc. 

* 'JT)(‘ word “hydrolysis” iiiohus litorally “decomposition by water.” 
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The ionization theory attriliutes these jihenomena to the interaction of 
water ions with the ions of the dissolved salts, resulting in the formation 
of an excess of hydrogen-or hydroxyl-ion. Although the concentration 
of hydrogen-ion and hydroxyl-ion in water is very low, these ions 
are in e(|uilibrium with an irninensci number of unionized water mole¬ 
cules. When one of them is bound by the ions of the salt, the ecjuilibrium 
is disturbed, causing new water molecules to ionize, which may lead 
to an accumulation of considerable (quantities of the othca* ion in 
solution, making the solution react acid or alkaline. 

Any reaclion hefvwen the ions of a salt and the ions of v/Yz/rr, usually 
accompanied by a change in Ihe concent ration of the latter is called hydrol¬ 
ysis of the salt. 

The chief clause of hydrolysis is the formation of slightly ionized 
substances (molecules or ions). 

Tlydrolysis may jiroceed differently, dc|>ending on the strength of 
the acid and base which went to form the salt. 

Some of the most tyjiical cases of hydrolysis are considered 
l)elow. 

First case. ^<tU of ireak acid and strong base. Kxamqile - sodium 
a(?(>tate NaCH 3 (^) 0 . When dissolved in wato’, sodium acetate, like 
all typical salts, ionizes completely into Na‘-ion and (Tl^COO'-ion. 
Tlieoretically these ions could combine with the ions of water to form 
ecquivalent (quantiti(\s of sodium hydroxide and acetic acid; but since 
sodium hydroxide is a strong base, sodium-ion does not combine with 
the hydroxyl-ion of water. 

On the other hand, acetic; acid is a very weak acid and therefore, 
when CH 3 (X) 0 '-ion encounters the hydrog(?n-ion of water in solution, 
it immediately begins to combine with it to form CH -jCOOH molecules. 
The decrease in the quantity of hydrogen-ion in solution disturbs the 
equilibrium between the molecules of water and its i(ms, causing 
further ionization of the water; fresh quantities of hydrogen-ion form, 
which in their turn, combine with CH 3 (X)()'-ion into CH 3 COOH 
molecules, etc.; at the same time, the amount of hydroxyl-ion in solu¬ 
tion increases. 

However, the reaction does not go very far in this direction. Since 
the ion-}iroduct for water | H’] • [OH'] — 10 is a constant, the con¬ 
centration of hydrogen-ion decreases as hydroxyl-ion accumulates, and 
is soon so low that it can no longer be bound. Then new equilibria 
are established between the water molecules and their ions, on the 
one hand, and between the CH3COOH molecules and the H*- and 
C'H gC 'OO'-ions, on the other, after which the accumulation of hydroxyl- 
ion ceases. 

Thus, w'hen sodium acetate interacts with water, the following 
reaction takes place: 


CH3COO' ] HgO ^ CH3C0()H+ OH' 
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or in the molcHJiilar form 

Na(^H.j(^00+ IfgO ^ (^HaOOOH I NaOH 

Althongli the eciuilibriuiii of this reaction is greatly (lis])laeecl to 
the l(^ft, the icmic eciuation shows tliat the reaction gives rise to a 
certain cxcc^ss of livclroxvl-ion in the solution, so that a soliifion of 
Na(:^ll 3 CO() rmcU Maline. 

1'he reaction described involves h^^drolysis of the salt of a weak 
iinibasic acid. When salts forincHl by Aveak polybasic acids hydrolyze, 
the result is usually not the free ac^ids, but acid salts or, more precisely, 
acid salt anions. For instance, if soda Na^tX).^ is dissolved in water 
the COj/'-ion, like the CHaf -OO'-ion, combines with the hydrogen-ion 
of the water; however, the result is not molecules of wT>ak carbonic 
acid 14./X)^, but H( ■()./-ion. The formation of predominantly HCO./- 
ion is due to the fact that it ionizes much less readily than HgCOg 
molecules (see p. 258). 

The hydrolysis takes ])la(?e according to the ecjiiation 
(X)^' I HoO fKX)3' I OH' 
or, in the molecular form 

NajjCX):,-! H./) ^ NaHCX) 3 + NaOH 

As a result of this reaction, as in the hydrolysis of sodium acetate, 
an excc^ss of hydroxyl-ion appears in the solution ; therefore a solution 
of soda also reacts alkaline. 

Second case. Salt of strong acid ami vmik base. This case is analogous 
to the previous one, Avith the sole diflerence that here the cations 
of the salt combine with the hydroxyl-ion of water, while the anions 
remain free. The hydrolysis product is usually a basic salt or basic 
salt cations. For instance, when cupric chloride CuClg, a salt of the 
weak base (Ju(()H )2 and hydrochloric acid, dissoh^es in water, the 
Cu*‘-ion, combining with hydroxyl-ion, may form either (;^u(OH )2 
molecules or ChiOH'-ion. Since the latter ionizes less readily than 
Cu(OH )2 molecules, it predominates among the hydrotysis products 
of C^iCIg. 

The reaction that takes place is represented by the equation 
CuClg f H 2 O it CuOHCl I HCl 

hfisie salt 

or, in the ionic form 

(kr + H 2 O it CuOH- f H‘ 

SiiKic this reaction gives rise to an excess of hydrogen-ion, solutions 
of salts of strong acids and weak bases react acid. 



102. TIYDROLVSIS Oh' SALTS 


281 


Third <?aso. Salt of weak acid ami weak base. In this case both the 
anion and the cation of the salt react with the water. The ijydrolysis 
])roducts are a wc^ak acid and a basic salt or basic salt cations. For 
instance, when aluminium acetate •()())., is dissolved in 

water, the following reactions ensue: 

CE,,V()(y i H,0 CH.^COOR \ OH' 

AI- * AlOlf + H* 

AlOH* • ! H/) AI(()H); + H * 

Thus, th(i hydrolysis of A 1 ((JH 3 (X )())3 results in (M.^COOH mole¬ 
cules, AlOH' ’-ion and Al(OH) 2 '-ionor, in other words, acetic acid and 
the basic salts A 10 H(CH 3 (X) 0)2 and A 1 (OH) 20 H 3 COO. 

As to the reaction of solutions of such salts, it dej)endson the relative 
strength of the acids and bases the salts result from and jnay be 
neutral, slightly acid or slightly basic. 

If the acid and base formed are very weak, and volatile or very 
slightly soluble besides, hydrolysis may be comj)lete, i.e., the salt 
may decompose entirely. This happens, for instanc(‘, when aluminium 
sulphide AlgSj, reacts with water: 

AI 2 S 3 + 6 H 2 O ^ 2 A1(0H)3+ H 2 S t 

Now let us see whether hydrolysis will occur if the salt is of a strong 
acid and a strong base. By way of example, let us take sodium chloride 
as a typical salt of this kind. When it dissolves in water, this salt 
ionizes into sodium-ion and chloride-ion. Sodium-ion, as indicated 
above', will not (H)mbine with the hydroxyl-ion of water. Nor will 
chloride-ion combine with hydrogen-ion, because HCI is com])leteiy 
ionized; therefore, the concentrations of hydrogen-ion and hydroxyl- 
ion in the solution will remain the same as in })iire water, and the 
Na( ■! solution will be neutral. 

Thus, salts of strong acids arul strong bases do not hydrolyze. In all 
other cases hydrolysis occurs. 

It can be seen from the above equations that hydrolysis is the reverse 
of neutralization. This means that when solutions containing equiva¬ 
lent amounts of acids and bases are mixed, the reaction is complete 
only if both interacting substances are strong electrolytes. If the acid 
or the base is weak, there will always be a certain amount of un¬ 
ionized acid or basic molecules left in the solution after mixing, so 
that the solution will not react neutral. 

The degree of hydrolysis, i.e., the ratio between the quantity of 
salt hydrolyzed and the total quantity of salt dissolved is different 
for different salts, ajid de})ends on the chemical nature of the acid and 
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salt formed by hydrolysis, viz., the weaker the acid or the base, the 
higher the degree of hydrolysis. 

For instaiioc^. the degrees of hydrolysis for the following salts in 
0.1 N. sohitioii are: 

Sodium ac(‘tuto N«CH.j(H)0 . O.OOS p. c. 

Horax Naoli 407 . 0.5 p. c. 

I*ntassinm oyanido K(’X . 1.2 j). c. 

Scxla Xao(X),j. 2.9 p. c. 

Ttie degiee of hydrolysis of most salts of strong aeids and weak 
bases is very low. Therefore, the basic salts ])rodnced when they hydro¬ 
lyze, though ])ractically insoluble in water, nevertheless, usually re- 
mahi in solution due to their insignificant concentration. 

Like any other i-eversible reaction, hydrolysis obeys the Law of 
Mass Actioji. Therefore, addition of water to the salt solution or 
removal of one of the hydrolysis ]>roducts causes a shift of equilibrium 
towards the formation of an acid and a base. Heating acts in the same 
direction, because the degrt'e of ionization of water, i.e., the concen¬ 
tration of H'- and OH'-ion increases greatly upon heating. On the 
contrary, addition of an acid or a base to tlu^ solution shifts th(> 
ecpiilibrinm in the reverse direction. For instance, at ordinary tem])or- 
atures ferric? chloride FeOl.^ hydrolyzes a(?c()T'ding to the equation 

Fe* • • } H^O FeOH- * | H* 

If the solution is heated, hydrolysis is enhanced, resulting in more 
Fe* * *-ion reacting with the water and, at the same time, in the foj- 
mation of Fe(()H)jj*-ion or even Fe(()H).j molecuk\s alongside of 
FeOH* -ion, according to the equations: 

Fe* * * + 2H/) <2: FeCOH)^- -{-2 H * 

Fe - ■ • I :i H.L) ^ I Fe{OH )3 1 3 H* 

Addition of an acid dissolves the preci])itate or decreases the 
content of Fe(OH).j *-ion hi the solution. 
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AIR. THE 1]\ERT (JASES 

103. Com position of the Atinosplier<‘. Ilic atiiiosphero is a niixturc^ 
of many gaseous substances. Besides oxygen and nitrogen, wliieli 
constitute its hulk, air contains carbon dioxide, water vapour, and 
small quantities of the nolde or inert gases, discovered in tlie late 
XIX eentury. In addition to the gases enumerated, air contains more 
or less dust and certain chance admixtures. Oxygen, nitrogen and the 
inert gases are considered the constant constituent parts of air, as 
tlunr content in air is practically the »same everywhere. On the con¬ 
trary, the coiilent of (iarbon dioxide, water vapour and dust ma\' 
vary de])ending on various conditions. 

Carbon dioxide forms in nature as a result of the combustion of 
wood and coal, the rcs])iration of animals, decay, etc. h]s|)ecially large 
(juantities of this gas are discharged into the atmosphere at large 
industrial centres by factories and ])lants, which burn immense 
quantities of fuel. In some parts of the glol)e carbon dioxide is dis¬ 
charged into the air as a result of volcanic; aetioji and from under¬ 
ground springs. 

Despite the continuous addition of carbon dioxide to the atmospliere. 
its content in air is cpjite constant, constituting an average of about 
(h03 per cent (by volume). This is due to the absorption of carbon 
dioxide by plants, as well as its relatwely high solubility in water. 

The ivater vapour contemt in the air may vary over a wide range, 
from several per cent to fractions of one p(;r cent, and dej)ends both 
on local conditions and on the temperature. The higher the tempera¬ 
ture, the more vapour can be contained in the air; that is why the 
moisture content in the air is lower in winter than in summer. 

The dual in the air consists mainly c^f minute particles of the mineral 
substancc^s constituting the earth’s crust, coal particles, plant pollen, 
as well as various bacteria. The amount of dust in the air varies greatly: 
it is lower in winter and higher in summer. After a rain shower the air 
becomes ])urer because the rain-drops carry the dust and bacteria 
down with them. 

Finally, other chance impurities in air are such substances as hydro¬ 
gen sulphide and ammonia, given off during the decay of organic 
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reniaiiis; i^uljdiur dioxide, produced when sulphide ores arc roasted 
or by tile combustion of coal containing sulphur; nitrogen oxides, 
formed by electrical discharges in the atmosphere, etc. These impu¬ 
rities are usually ])resent in insignificant quantities and are continually 
removed from the air by rain water, which dissolves them. 

if only the constant component parts of air are taken into account, 
its composition can be e\])ressed by the following figures: 

I’l.Tcoiitapro ooutont 
by volumo ))y weig:hi 


Niti’ogfii. 78.16 75.5 

O.xy^^eii. 20.U 2.‘1.2 

TiktI uiisos. 0.ti4 l.tl 


1(11. Physical Properties of Air. Pure air, fnn^ from dust, carbon 
dioxide and water va])our, is absolutely colourless and has neither 
taste nor odour. One litre of pure air weighs 1.21K1 gr. at 0® (■ and 
700 mm. Hg. At tem])eratures below —140® and a pressure of about 
40 atm. air condenses into a colourless liquid boiling at about - -100® 0. 

The yuoduction of liquid air presents no extraordinary difficulties 
at present. There are many machines of various types for this purj)ose. 

The operating princijile of most of 
them dej^ends on the (jonsiderabks 
t^m])crature dr(>}> caused by the ex- 
])ansion of air muler jiressure (about 
0.25® for each atmosphere of ])rcssurc 
lost), '^rhus, if air is eomy)ressed to 
200 atm. and then ex])anded rajiidly 
to 1 atm., its temperature will go 
down 50®. This temperature drop 
is used to ])reliminarily cool a second 
batcli of compressed air. When 
the cooled com]>ressed air is ex- 
y)anded it gets still colder. Py 
repeating this operation several 
f times, a temperature can be reached 

Fig. 78. Diagram of machiiu^ foi at which the air begins to condense 
prodiuTion of Jiepud air: into a li(plid. 

1 c*(>Tnj>ros8or; 2 air valv^o; 3 ro<»l<'r 

cM)i!; a cliainbor; 0 air valve A diagram of om* of the ma(diiii(5s 

r - vxpuiision rhambf*r; S -outer tiib< used for the! li(|U(jfa(.;ti()u of air is shown 

in Fig. 78. The compressor 1. by rntians 
of a |)iHton, com})rosses the air entering 
the inachiiu' through valve 2, to 200 atm. The heat liberated during compression 
is reinoN’ed in cookii* /t b\' rimriiug water. From the cooler tlu* (jorripn^ssed air 
eiitt'rs a coil 4 enclosed in an insulatt?d chamb(‘r 5 and consisting of two very 
long spiral tubes, on<* inside the other. The air y^assos through the inner tube 
of tb(' coil, down to valve 6 which opens for an instant, letting th(‘ air into 
ehamb(‘r 7, wh(‘re it ex])aTids find is thus grt^atly cooled. 
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AfU^r cooling in this way, the air is rctiirnrd to tJw conipivssor through the 
outf'i* iuho A or the eoil, cooliii^ ihe jnmmin^ roni])ress(ui nir as it runs counter- 
current to it. When valve is opened a second time, the air that enters chamber 7 
has alnmly been preliminfirily eooJecl b\' the prex ious ]K)rtion of air. As a result, 
its temperature after (expansion will be low(^r than llie tempciratun^ of tlni 
previous portion, aiul it, in its turn, will eool the next bat(^h still more. 
When the air g<^ts cold enough, it begins to Ii((U(‘fy in tht? inner tube and drijjs 
into chamber 7. 

The liquid air obtained directly from the machine is usually turbid, 
due to the presence of suspendc^d particles of carbonic anhydride, 
ice and other impurities, which can easily be removed by filtering 
tlirough a l)aper filter. 

In s})ite of its very low boiling ])oint (about —at ordinary 
pressure) liquid air can be kept for a considerable length of time in 
glass vessels with double walls, between which the air has betm 
pumped out (Fig. 70). The “void” between the walls effectively 
])revents the liquid in the vessel from getting w^armer, so that it 
(‘va])orates very slowly. To further reduce the influx of lieat from 
the outside, the walls of such vessels are silvered on the inside. 

Alcohol, ether and many gases arc readily solidified in li(piid air. 
If, for instance, carbon dioxide is j)assed through liquid air, it forms 
white flakes resembling snow. Mercury 
immersed in licpiid air turns into a solid 
malleable nutal. 

When cooled in liquid air, many sub¬ 
stances acquire entirely new properties. Zinc 
and tin become so l:)ritt]e that they can 
easily be ])ulverizcd, a lead bell begins to 
emit a ])ure ringing sound, while a frozen 
rubber ball breaks into small fragments if 
drop])ed on tlie floor. 

As the boiling point of oxygen (—ISIFC) Fig. 79. Li(piid air 

is higher than that of nitrogen (- -196^ C), reeeivt^rs 

oxygen liquefies more readily than nitrogen. 

Therefore, liquid air is much richer in oxygen than atmospheric.* 
Upon standing liquid air becomes even richer in oxygen due to the 
evaporation of nitrogen. 

A glowing splint immersed in liquid air flashes out brightly, like in 
])ure oxygen; a red-hot steel i>en nib burns in it, emitting a blinding 
light. 

In our days liquid air is produced in large quantities to obtain 
oxygen and nitrogen from it by fractional evaporation. 

105. The Inert Oases. Up to the end of last century it was thought 
that air consisted only of oxygen and nitrogen. Butin 1894 the English 

* yhe approximate composition of li(|uid air is: oxygen 54 per cent, nitro¬ 
gen 44 per cent and iii(?rt gases 2 per cent. 
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physicAst Rayleigh noticed tliat the specific gravity of nitrogen 
produced from air is always a little higher than that of pure nitrogen 
produced from its (jompounds. Whereas a litre of the former weighs 
1.2572 gr., a litre of the latter weighs 1.2505 gr. Rayleigh’s discovery 
drew the interest of Ramsay, a professor of chemistry, who suggested 
that the differen(?e in weight might be due to tlie ])resencc of some 
heavier gas in the nitrogen. Both scientists undertook a study of 
atmos])heric nitrogen. In order to isolate the hy])othetical gas from 
it, Ramsa,\' made use of the ability of nitrogen to combine with 
magnesium, when heated, to form magjiesium nitride Mg^Ng. After 
])assing atmos])lieric nitrogen repeatedly through a tube containing 
red-hot magnesium, Ramsay obtaiiK^l a small residue of a heavy 
gas that would not conibine with this metal. Rayleigh used a diflerent 
method: he ])assed electri(i sparks througli a mixture of nit rogen and 
oxygen, whereupon the nitrogen combined with the oxygen to form 
nitric oxide NO, whicli then changed further into nitrogen dioxid(‘ 
NOo; the latter was absorbed by a solution of alkali. As a result, 
Rayleigh also isolated from atmos])heric nitrogen a small quantity 
of gas which would not combine with oxygen under the action of 
('lectric sparks. Tn this way, a new, hitherto unknown, gas was dis¬ 
covered in air. and it was named argon. 

Ar(/orf Ar is a colourless gas almost one and a half times as heavy 
as air: one litre of it w’(‘ighs 1.7800 gr. at S.T.P. Argon is a chernical 
element ha^'irig an atomic weight of 110.044. From a chemical stand¬ 
point, argon is absolutely ])assive, whence its name (argon is the 
(h*eek foi* inactive). It does not combine with a singk^ element under 
any conditions. 

After argon, four more gaseous elements contained in air in in¬ 
significant (piantitics were discovered: helivni He, neon Ne, krypton 
Kr and xenon Xe. Together with argon they are known as the inert 
gases, since, like argon, they are distinguished by their inability to 
i-eact with other elements, Anoth(;r peculiarity of the inert gases, 
related to this, is the fact that their molecules coyisisl of only one 
atom each: in other words, their atoms are not combined into 
molecules. 

B(^si<les the above elenuMits. the inert gases include the element 
radon Rn, discovered in the study of radioactive transformations 
and soimdirnes called also emanation or niton. Its content in atmos¬ 
pheric air is evidently insignificant. 

The inert gases are th(‘ elements ending each period in the 
■Mendeleyev Table; all together, they form the zero group of the 
IViiodic System. With the exception of helium, they all have eight 
electrons in their outer electron layer, forming a very stable system. 
The outer* layer of helium is just as stable, though it consists of only 
two ele(;trons. For this reason the atoms of the inert gases tend 
neither to lose nor to gain electrons. 
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JnoH (Hailes 



Symbol 

Atomic 

woijiht 

‘ 

Atomic ; 
ruimlicr ‘ 

AiTaii^erncrU of 

•Iccirons in 

Ifiyrrs 

Helium. 

He 

4.003 




: , 

i 

N(M)n. 


20.1 S3 

10 

8 



j 

Artjoii. 

Ar 

30.044 

18 

8 

8 

! i 

1 

! 

Krypton. 

Kt 

83.SO 

36 

8 

18 

^ 8 ' 

! 

Xc'non . 

Xo 

; 131.3 

54 

8 i 

18 

i 18 8 

1 

Kadon . 

Kn 

; 222 

86 

8 

18 

32 1 18 

I 8 


'l1io inert gases do not combine Avith any oi‘ the elements and for 
that reason their atomic Avcights could not bo dotermiiKHl by the 
usual methods described in § 22. To lind their atomic weights a 
purely physical Tuethod was em])loye(L based on determining the 
ratio bcitween the s])ecdfic heat of the gas at cojistant ])ressure to 
its spctcific heat at constant volume. The value of this ratio gives 
an idea of the Jiumber of atoms in the molecule of a gas. In this Avay 
it Avas establislied tliat the molcMndes of the inert gases consist of 
one atom each, and hence their molecular weights ecjual their atomic 
Aveighls. 

The physical properties of the inert gases and their content in 
air are charactcriz(?d by the information in Table 17. These data 
sliow that the loAver the atomic AAoight or atomic? number of the 
inert gas, the lowc'r its melting and boiling points: helium has the 
lowest boiling point and radon the highest. 

Separation of the inert gases from one another is based on the 
differejice of their boiling })oints. 


IMiTHiral Pniporlic'S <»f the (jIiisos 



Hoi in in 

Noon 

.Ar^on 

Krypton 

XiHion 

Radoi 


Ho 

No 

Ar 

Kr 


Rn 

VV'('igh4 of one 
lit re of gas, gr. . 

0.18 

0.00 

1.78 

3.74 

5.80 

0.7 

Melting })(>int, 
degrees C . 

■ --272.2 

248.6 

180.4 

- 157 

111.5 

71 

Boiling point, 
d(>grees C . 

- 268.0 

245.9 

185.8 

152.0 

108 

-61. 

Approximate eon- 
tejit in 1,000 | 

' air . j 

0.0046 

1 

0.016 : 

0.323 

0.001 

i 

0.00008 I 

1 
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tli(* inert gasos do not n^act with the other (elements, the mole¬ 
cules of some of tli(? inert gases may unite witli water inokxMiU^s at low 
t(*rnperatures to form unstable eoinj^oimds of the hydratt' ty|)e containing 
f) niolraulcs of water each. The fonnation of those hydrates is due to the faet 
that the non-polar molecules of the inert f^ases are polarized in the electric 
held of the highly polar water molecules: this gives rise to induced dipoU\s in 
the inert gase molecules, as a result of which tliey are attracted by t-hi; water 
molecides. 

Tlie higher the atomic^ wc'ight of an iiuTt gas, the more, stahh^ its hydrate, 
most stable liydi-ate is that of xenon, but (»ven it can exist at (f’O only 
under jm'ssure (1.4a atm.). No hydrates of helium or iuu)u have been obtaiiKMl 
at all. 

Com])arativt*ly stable molecular compounds of the heavy iiuM't gases have 
also bcM?n obtained with certain organic substarau's siub as phenol, tolut'iu', (>tc. 


The most interesting of tlie inert gases is lieliiim. The history 
of its discovery is a striking example of the might of science. Helium 
was first discovered in J 868 by the French astronomer J. Janssen 
and the Knglisli astronomer N. Lockyer wlien studying the spectra 
of the atmosphere and solar ])rominences. A bright yellow line was 
detected in these s})ectra wliich had not been obsen'ved before in 
the s])ecira of the elements known at that time on the earth. The 
j)rescnce of this line was attributed to the existence of a new clement 
on the sun, unknown on the earth, ajid called helium^ after the sun. 
About thirty years later, upon heating a rare mineral, cleveite, 
W. Ramsay, the English chemist, obtained a gas which he found to 
be identical with the helium discovered on the sun. Thus, helium 
had been discovered on the sun long before it was found on the earth. 

Helium is the lightest of all gases excej)t hydrogen. It is more than 
seven times as light as air. 

For a long time helium was the only gas which could not be liciuetied. 
Finally, in 1908, helium was compressed into a liquid which was 
found to boil at —268.9° (/. By eva])orating liquid helium, the lowest 
temperature (known on the earth) was obtained, only a few tenths 
of a degree above absolute zero. In 1926 helium was solidified for 
the first time. Solid helium is a transparent substance with a melting 
point of —272.2° C under a pressure of 26 atm. 

On the earth helium is found not only in the atmos])hcre. Consider¬ 
able quantities are evolved at certain points of the earth from its 
depths, together with the so-called “natural gases” (a mixture of 
various combustible gases). The waters of many mineral springs also 
evolve helium. 

Owing to its lightness and inertness helium is used instead of 
hydrogen to inflate observation balloons. Although it is twice as 
heavy as hydrogen, its buoyant effect is only eight per cent less 
than that of hydrogen. The great advantage of helium over hydrogen 
is its noii-flammabiiity. Therefore, substitution of helium for liydrogen 

♦ From the (Iret'k “hellos” (the sun). 
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eliminates all danger of fire or cxjilosion. The only olistacle to the 
wide use of helium in aeronautics is the difficulty of its ])roduction. 

Another very inij)ortant use of helium is in deep-sen work. Divers 
su])p1ied with arti/icial air in which the nitrogen has been rejdaeed 
by helium, can stay under water much longer and suffer much Jess 
from the morbid ])lienomena due to the cliange iji pressjire when 
rising to the surface. 

Liquid helium is used to obtain very low tern|)eratures. 

The inert gases have found wide application in electrical engine(u*ing. 
Owing to its inactivity and insignificant thermal condiK^tivitv, argon 
is used in mixture with nitrogen to fill electric light liulhs. Argon 
is also used to fill tubes for illumination signs; such tulx^s emit a 
blue light. Neon is used to fill tub(\s for signs wlien a bright orange red 
light is recjuired. Neon tubes aroused, besides, in electrical engineering 
as rectifiers and for other ])ur])oses. Krypton and xenon have a still 
low(>r thermal conductivity than argon, and theiefore electric light 
bulbs filled with these gases ha\ e a longer life and are more economical 
than bulbs filled with nitrogen or argon. 


19 
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Klrmn'iit 

!., - Atomic 

Nyrnbol; 

Atomic 

Tumibcr 

Arrimg(‘iT)cnt of clcciroiiK in 

Kluorine . , . . 

. F j ]9.(i(> • 

9 ; 

2 i 

7 



( •Iilorine . . . . 

. (M 1 35.457 i 

17 

2 i 

S 

7 


HromiiK* . . . . 

Hr ; 79.010 1 

35 

2 ' 

8 

IS 

7 

Iodine. 

.it I 120.91 

i ! ' 

53 

2 

** i 

8 

! 

IS 


KM). (lOneral Foatiircs of the Halogens. Halogens is the iianK^ given 
to tlio elements fiuorinv, chlorine, hrontine and iodine located in the 
sevemth group of the Periodic Table and forming its main subgroup.* 
These elements received their name, which means literally ‘'salt- 
forming," due to their abilitv to combine directly with the metals, 
forming typical salts, such as Nad. 

The atoms of the halogens liave seven ele(;trons in their outer 
layer. Therefore, they gain one electron very readily, passing into 
negative univalent ions, which characterizes them as typical non- 
metals (see § 5f)). Thus, the negative valency of the halogens is 1. 
The halogens may manifest positive valency as well, their maximum 
possible positive valency, evidently, being seven. However, the only 
halog(Mis known at present to form com])ounds with such a valency 
are (;hlorine and iodine. The highest valency of bromine is 5, while 
huoi’ine possesses only negative valency. 

Compounds in which the halogens are positively valent (their 
oxygen compounds) are generally less stable than those in which 
they aie negatively walent and are almost unknown in nature. 

I'lie identical structure of the outermost electron layers of the 
halogens accounts for their great similarity, manifested both in their 
chemi(;al behaviour and in the types and })roperties of the compounds 
they form. Ibit, for all this similarity, there are also qualitativ^e 

* This subgroup includes also the eleiTKMit astatine. No. 85, produced arli- 
fieialtN'. 
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(Uffcrenccs between them. To bring out these differences more vividly, 
we shall discuss the halogens all together, rather than separately. 

107. The Halogens in Nature. Owing to their very high chemical 
activity, the halogens are found in nature only as comixmiids, mainly 
as salts of the hydrohalic acids. 

Fluorine occurs in nature mostly as the mineral fluorspar* (-aFa, 
so named because it is added somc^times to iion ores to form fusible 
slags when smelting ])ig iron. Considerables fjuantities of fluorine are 
contained also in the rather widespread phos])horus minerals, ])hos- 
[)horite and especially a])atite. 

The most im])ortant natural compound of chlorines is (common salt, 
table salt or sodium chloride, which is the chief raw mattTial for the 
|iroduction of other chlorines compounds. Most of tlu^ salt on the 
('arth is dissolved in the Avaters of the seas and oceans, where its 
(‘ontent fluctuates around 3.5 per cent. The waters of many lakes 
and springs also contain considerable quantities ol‘ common salt in 
solution. In some lakes which have no outlets, the quantity of salt 
ai)proa(5hes the saturation limit (about 26 ])er cent), and the salt 
])recipitates out of the w^ater of these lakes ami d(q)()sits at the bottom. 
Such, for instance, are the lakes Elton and Baskunchak in the Iowtt* 
reaches of the Volga, where the salt de})osited at the bottom is 
extracted as “lake-salt.” 

Salt occurs also in the solid form, as thick seams of what is known 
as rock salt at c(Ttain })oints of the earlivs crust. Very pure rock salt 
is mined in the U.S.S.ll. in the Donets Basin and in the South Urals 
near Orenburg where the seams arc sometimes over 100 nuitres thick. 
There are also deposits of rock salt in Transcaucasia, in Kazakhstan, 
Siberia and other ])laces. 

Other chlorine com])ounds besides common salt also occur in large 
quantities in nature; such are potassium chloride, as the minerals 
.sylvile KOI and carnallite KOI-MgClg-6 H.^O, magnesium chloride, 
contained in sea w^ater and accounting for its bitter taste, etc. 

IJke chlorine, bromine occurs in nature mainly in the form of 
compounds with })otassium, sodium and magnesium. Bromine com¬ 
pounds usually occur together with those of chlorine, but in much 
smaller (|uantities. Metal bromides arc contained in sea water and 
in the Avater of certain lakes. In the U.S.S.R. especially large quanti¬ 
ties of bromine are contained in the salt lakes of the Crimea and in 
the Avaters of the Kara-Bogaz-Col Bay in the Caspian Sea. 

Sea water contains iodine compounds also, but in such minute 
quantities that it is impossible to separate them out directly from 
the water. However, there are certain seaweeds which are capable 
of extracting iodine from sea water and accumulating it in their 
tissues. Especially large quantities of such seawwds are found on 


* From the Latin fluvre to flow. - Tr. 
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the coasts of Normandy, Bretagii and Sof)t]aJid; they grow also 
in the Black Sea and along the Far Eastern coast of the U.S.S.Il. 
The ashes of these seaweecls are found to contain iodine as salts 
of hydroiodic acid HI and are the princi])al source of iodine in 
Europe. 

Considerable cpiantities of iodine (from 10 to 100 mgr. of I 2 
])er litn'i) are found in the waters of wells (Ji*illed in oil-bearing 
regions. 

'.riie total (umtejit of lialogens in the earth's crust is very small. 
For chlorine it is 0.1 SS, for fluorine 0.027, for bromine 0.0000 and for 
iodine 0.000000 p(M* cent by weight. 

lOS. Physical Properties of the Halogens. Flvoritic is a gas at 
ordinary conditions witli a pale greenisli-yellow colour in thick 
layei’s. When greatly cooled, fluorine turns into a liquid which 
solidifies at 21 S'" (-. 

Chlorine is a yellowish-green gas about two and a half times as 
heavy as air: one litre of chlorine at S.1M\ wcaghs 3.21 gr. Under 
a ])ressure of about 0 atm. chlorine turns into a liquid at ordinary 
tem|>eratures. Liquid chlorine is usually stored and transported in 
steel cylinders or in special cisterns. 

Bromine is a heavy, dark-brown liquid with a specific gravity 
of 3.12. It evaporates very readily forming leddish-brown vai)()urs. 
Bromine may cause serious burns if it comes into contact with the 
skin. 

Iodine is a solid, forming dark grey (aystals with a slightly metallic 
lustre. The specific gravity of iodine is 4.i>3. When heated slowly 
at ordinary pressure iodine sublimates, i.e., turns into vapour without 
melting. Its va])()urs are of a violet colour; when cooled, the iodine 
vapours pass back into the solid state without going through the 
liquid phase. But if iodine is heated ra])idly. especially under high 
pressure, it melts at 1L‘UC. 

All the halogens ])ossess a very pungent odour. Inhalation of even 
very small (puintities of the halogens causes serious irritation of 
the respiratory ducts and inflammation of the mucous membranes 
of the tliroat and nose. More considerable quantities of the halogens 
may cause a grave ])oLsoning of the organism. 

The most im])ortant })hysical constants of the halogens are given 
in Table 18. The data in this table show that the ])hysical properties 
of the halogens gradate in a definite order from fluorine to iodine: 
their sj)ecific gravities grow, their melting and boiling j)oints rise 
and their atomic radii increase. 

The halogens are rather poorly soluble in water. One volume of 
water will dissolve about 2^/2 volumes of chlorine at ordinary temper¬ 
ature, such a solution being known as chlorine watejr. If chlorine is 
])assed into water cooled to 0° C, greemish-yellow crystals of crystalline 
chlorine hydrate Clg-SHgO precipitate out. 
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Most Important rhysieal Constants of the Halogens 


Corislaiits 

Fluorine F 

(^liloriiie Cl 

Hromino Hr 

Iodine T j 

Spueifi(* gravity. 

1.11 (ii<i.) 

1.57 (liq.) 

3.12 

4.93 

JV1(>Jting point, 

(l(?grt‘(^s (.'. 

-218 

-101 

5.7 

113 

l^oiling |)oiiit, dogreest ■ 

1SH.2 

34 

59 

1S3 

Atomic radius, A . . . . 

0.67 

i 

1.07 

1.19 

1.36 


The sohibility of bromine at 20''C is about 3.5 gr. wliile that of 
iodine is only 0.02 gr. per 100 gr. of water. Fluorine cannot be dissolved 
in water, as it deeoin])oses the latter vigorously, liberating oxygen 
and forming HF: 

2F,+ 2H,0-4HF+()2 

(simultaneously some ozone is formed as well). 

'I'lie halogens dissolve in many organic solvents, such as carbon 
disulphide, alcohol, ether, chloroform, etc., much better than in 
water. Solutions of bromine in all these solvents are of a yellowish- 
brown coloui*. A solution of iodine in alcohol and ether is dark brown, 
while ill carbon disulphide and chloroform it is violet; tfie difference 
in the colouring of the solutions is due to tlu’i formation of iodine 
solvates, i.e., com])ounds of 1 2 molecules with molecules of the solvent. 

Tin’s high solubility of the halogens in organic solvents can be utilized 
to extract them from aqueous solution. If, for instance, an aqueous 
solution of iodine is shaken with a small quantity of carbon disulphide 
(which does not mix with water), almost all the iodine passes from 
the Avater into the carbon disulphide, colouring it violet. 

109. Chemical Properties of the Halogens. The halogens are ex¬ 
ceedingly active elements. They react with almost all simple substances. 
The reactions betAveen the halogens and metals are especially rapid 
and involve the liberation of a large amount of heat. Thus, for instance, 
if molten metallic sodium is placed in a vessel containing chlorine, 
it will burn with a blinding flame, depositing white table salt on the 
vessel walls: 


2Na + Cl2=-2NaK^J- 


Co})per, iron, tin and many otlier metals also burn in chlorine, 
forming the corres])onding salts. Iodine and bromine act in a similar 
way. In all these cases the metal loses electrons and the halogen gains 
them. 
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It was indicated in § 70 tliat substances whicJi acquire electrons 
in the course of a reaction, abvstracting them from other substances, 
are called oxidizing agents. This caj^acity for gaining electrons, 
especiall)^ j)ronounced in halogen atoms, is their most cliaracteristic 
ciiemical property. The halogens are very active oxidants. The most 
active of them is fluorine and the least active iodine. The oxidizing 
pr()|)erties of the halogens are manifested also in their reactions wdth 
various complex substances. 

Several exam])les are given below. 

1. If chlorine is ])assed through a pale green sc^lution of ferrous 
chloride Fetl.^ the li(|uid turns yellow, owing to oxidation of the 
ferrous chloride Fet^la into ferric chloride Fedj,: 

2FcCL,+ Cl.y-~-:2FeCI, 

or in the ionic form 

2c’- 

2Fc * I (V,--2Fe* - ! 2 (T 

2. If hydrogen sulphide w^ater (a solution of 11 gS) is added to a 
solution of bromine, the yellowish-brown colour of bromine disappears 
and the liqiiid becomes milky due to the liberation of sulj)hur: 

HgS f Big-S t 2HBr 


HgS f Brg S+2 H +2 1V 

3. If an aqueous solution of iodine is treated with a solution of 
sodium sulphite Na-gSOg, the solution becomes decolourized due to 
reduction of the iodine into hydrogen iodide as it oxidizes the sodium 
sulphite into sodium sulphate. The reaction involves the partici})ation 
of water and is expressed by the e(|uation 

Na.gS().,+ Ig f HgO-NagSO^ f HI 


or in the ionic form 


SO^" + 1 g f IIgf) - SO/ f 2 H • f 2 r (1) 

In contradistinction to the previous reactions, where the atoms 
of simj)le substances or elementary ions were oxidized, in this case 
a complex SOg" ion is oxidized into an SO.j" ion. 
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To understand this reaction better let us examine the oxidation 
and reduction jirocesses separately. 

The oxidation reaction can be represented by the following equation: 

S(l/' + HJ) - 804 " i 2 H* ( 2 ) 

The oxidation of the ion consists in its losing two electrons; 
at the same time an oxygen ion lireaks away from a water molecule 
(liberating two hydrogen ions) and unites witJi it. The result is an 
804 '' ion w^iich has the same negative charge (— 2 ) as the SO./' ion, 
though the valency of the sulpliur has increased from | 4 to -| 6 . 

The reduction process is i*epresented by the equation 

12-1 2 c -21' (3) 

The iodine is reduced as a result of two electrons being added 
to its molecule, so that its valency drops from 0 to — 1 . 

Adding u|) equations ( 2 ) and (3), we get equation (I). 

A compariwson of the chemical projicrties of the halogens shows 
that their activity decreases gradually from lluorine to iodine. As 
the atomic number of the halogens rises, the total number of electrons 
surroundhig their nucleus increases, their atomic radius becomes 
larger and their outer electrons move farther and fartlier aw^ay from 
the nucleus, so that the attraction i)f the electrons by the lattcu* 
becomes weaker. At the same time, the electron aflinity of the atom 
decreases, as do(vs the strength of the bojid between the el(>ctron 
and the nucleus hi the negative ion of the halogen. 

Tlie table below^ gives a co!n])arison of the radii of the negatively 
charged halogen ions and the quantity of energy in calories evolved 
during the formation of one gram-ion of the c()rres[)onding element. 

Fluoriiio (’lilorino Broniitx' J.o(]iiU' 

Radius of ncgfitivo ioli, A . 1.33 1.81 1.96 2.20 

Klo<*tr()ii affinity. Cal. 9S 8S S3 76 

These data slunv that as the radius of the ion increases, its electron 
aflinity diminishes, which is in full agreement with the decrease in 
activity from fluorine to iodine. 

Different electron affinity accounts readily for the order of displace¬ 
ment of the halogens from their compounds. Since the electron 
aflinity of fluorine is the highest, it can take electrons away from the 
ions of any of the other halogens; chlorine can abstract electrons 
only from bromide and iodide ions, while bromine can remove them 
only from iodide ions. The i-eactions involved are typical oxidation- 
reduction reactions, during wdiich the atom of one halogen oxidizes 
the ion of another, itself being reduced to the ionic state. 
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For example : 

2KI-I2+2KCI 


(.12+2 r-io+2(1' 

In this reaction T'-ioii acts as the reducing agent. The chemical 
activity of the negative ions of the halogens as reducing agents 
changes inversely to the chemical activity of their molecules or free 
atoms. Tlic most active reducing agent is I'-ion and the least active. 
K'-ion. 'Fhis is due to the fact that considerably less energy is re- 
(|uired to split an electron away from I'-ion than from F'-ion. 

Thus the chemical aetivity of the halogen molecuk^s as oxidizing 
agents gradates in the following order: 

F. > do > > h 

On the other hand, the chemical activity of the* halogen ions as 
reducing agents gradates in tlie reverse oi’der: 

1' > Br' > CV > F' 

The din’erence in activity of the halogen molecules is es])ecially 
pronounced in their reaction with hydrogen. Fluorine reads with 
hydrogen explosively even at very low temp(u*atures. (hlorine (jom- 
bines with hydrogen slowl\' at ordinary tem];)eratures, but when 
heated a mixture of chlorine and hydrogen will react almost instanta¬ 
neously, (causing an explosion. Jh-omine will combhio with hydrogen 
at a ])erce])iible rate only at elevated tem])eratures, while iodine 
(jombines with hydrogen only when heated strongly, and the reaction 
is not com])lete owing to its nnersibility. 

It is noteworthy that light has a great influence on the reaction 
of combination between chlorine and hydrogen. In the dark there 
is no perc(‘ptible interaction at all; in dispersed light the reaction 
pioceeds rather sknvly, while in bright sunlight it takes place as 
rapidly as when the mixture is heated, and is accom])anied by an 
exy)losion. 

Investigation of this reaction led to the conclusion that it consists 
of a succession of steps. Absorbing the energy of th(^ solar rays, 
some individual chlorine molecules decom])ose into atoms: 

(1 2 == 2(^1 

Chlorine atoms are more active than the molecides. and immediately 
begin to n^act with the hydrogen molecules according to the equation 

(l+Ha-Hd+H 
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The hydrogen atoms thus formed react in their turn Avitfi chlorine 
molecules, giving rise to new chlorine atoms: 

H + CI 2 -HCI 1 Cl 

The latter again react with hydrogen molecules, etc. 

Reactions of this kind, consisting of a sort of chain of consecutive 
reactions, are known as eliaiii reactions. 

(!hain reactions play an important part in many chemical processes, 
])articiilarly in those of combustion. Ext(msive investigations in the 
lield of chain reactions were carried out by the Soviet Academician 
N. Semyonov who was the first to prove their abundance and great 
im})()rtance. Semyonov suggested a theory of chain reactions on 
the basis of which he also dcvelopt^d a theory of flammation and ex- 
])losions which is of great practical importance. The? services rendered 
by Semyonov are held in high esteem by the scientific world. Re 
was awarded the Nobel Prize for 11)50 by the Swedish Acadcmiy 
of Sciences for developing the theory of cljain reactions and 
ch(miical processes. 

'J'hus, both the ])hysical and tlui (chemical j)r()pertics of the halogens 
gradate conse(?uti\'ely as the charges on their atomic nuclei and 
llie number of electrons in their atoms increase. The non-metallic 
]properties, most pronounced in fluorine, gradually weaken, and iodine 
begins to manifest even some metallic properties. This regularity 
in gradation of ]u-opertios is a striking manifestation of the Law of 
Transition of Quantity into Quality. 

110. Preparation and Uses ol the Halogens. In natural compounds 
the halogens are contained (with very few exceptions) as negatively 
charg(‘d ions and therefore almost all the methods of obtaining 
the halogens in the free state consist essentially in oxidation of their 
ions. This is done by means of various oxidizing agents or by the 
action of electric current. 

As we know, during electrolysis electrons pass from the cathode 
to the ])ositively charged ions and from the negatively charged 
ions to the anode (see § S8). Therefore, reduction takes place at tlie 
cathode and oxidation at the anode. Thus, oxidation or reduction 
may be brougJjt about by electric cuiTcnt as well as by the action 
of one substance on another. 

Electric current is the most pawerful means of oxidation and re¬ 
duction. 

Owing to its great electron affinity fluorine can be isolated from 
its comfpounds only by electrolysis. It was obtained for the first 
time in 18S(> by the electrolytic decomposition of anhydrous liquid 
hydrogen fluoride HF with about 20 per cent of potassium fluoride 
KF added. The decomposition was carried out in an apparatus 
made of coj)i)er which resists fluorine (after it has become coated 
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with a layer of coj)i)er Huoride). The electrodes were made of plat¬ 
inum. 

The metliod 1)\^ wliich el(?mentar\’ fluorine was isolated is employed 
at present also for its cowniercial production. A fusion of the com¬ 
position KF-2 HF (m.p. 70° F) is decomposed by electricity. Electrol¬ 
ysis is carried out in steel baths using grajdiite electrodes. 

(Idorme is ])re])ared at present in large (piantities by the electrol¬ 
ysis of solutions of common salt. Chlorine is evolved at the anode, 
while sodium liydroxide forms at the cathode. S(mietimes this reaction 
is em])Ioyed to prepare the alkali, in which case chlorine is produ(;ed 
as a by-])roduct (see § 20S). 

(Chlorine is pT*epared in the laboratory by the action of various 
oxidants on hydi*ocliloric acid. 'I'he reader will recall, for instance, 
the laboratory method of preparation of chlorine described in the 
secondary school course, by the action of manganese dioxide on 
hydi*ochloric acid: 

i IV 1 -IT 0 

MnO, f 4 HCl-MnCL, j (1.^ I HgO 

In tlie ionic form this reaction can be expi-essed by the following 
equation: ^ 

MnOg-f VV -I 4 H- - Mn * ' -f V\.^+ 2 H./) 

from which it can be seen that (i'-ion is oxidized into atomic chlorine 
(which combines subsecpiently into (^2 molecules) and the tetravalent 
manganese in Mn ()2 is reduced to bivalent Mu’*-ion. Chlorine was 
obtained b>' this reaction lor the first time by the Swedish chemist 
ScluHie in 1774. 

(iilorine can be obtained from hydrochloric acid in a similar way 
bv using other oxidants instead of MnO., (such as PbO.,, KC’lO.j, 
KMnO^). 

Oxypc'Ti (l()('s iKit; rem-t pem ])ti]>Jy with lldl ordinary conditions. 

But if a mixture of HCl and O.^ i.s j>asscd Ihroiif^h a tub(‘ hoat('d to 400“’ and 
containing cu])ric cliloriclc (’u(Jl., as a catalyst, distril)uU(l over ])i(‘C(?s of 
jHirnice, tlie liydrogeji chkiride (ratlier Cl'-ion) is oxidiz('d by th(^ oxygtui: 


4 H(n i (b -.-‘:2Cl2 { 2H,0 

lh(^ chlorine yield being as high as 80pcrc('nt. FormcTly this rewition was 
oft<‘n iis(‘d for tlai preparation of chlorint*. 

Bromine and iodine can l)e prepared in a manner similar to chlorine 
by oxidizing HBr and HI with various oxidizing agents. They are 
usually produced on a commercial scale from the metal bromides 
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or iodides by the action of chlorine on their solutions. Thus, the pre])- 
aration of liroininc and iodine is also based ou oxidation of their 
ions, with tJie difference that the oxidant used is chlorine. For exaiiij)le: 

2 Hr'+ Ch -^2Cr I Ur, 21' i Cl, = 2 Cl' ~i h 

In the IJ.S.S.II. bromine is extracted from the waters of Lake 
Sak (in the Crimea) which contain a considerable quantity of bromide 
salts, and from the “brine” (saturated solution) of the Kara-Rogaz- 
(iol Bay. Bromine is now obtained also from drill hole wateis. 

The chief source for the prejmration of iodine in the U.S.S.R. 
are the waters of drill holes. By the end of the Finst Five-Year Plan 
two large-scale plants had been built for the extraction of iodine from 
such waters at Surakhany and Nefte-Chala (the Azerbaijan S.S.B,); 
the capacity of these plants is quite sufficient to cover the requirements 
of the country in iodine. 

The halogens are widely used in the chemical industry. Free fluorine 
is em])loye(l at present for the production of‘ certain very valuabh^ 
lluorinc derivatives of hydrocarbons, ])ossessing unique pro])erties, siudi 
as lubricants capable of withstanding high tcmqieratures, a reagent- 
pi’oof plastic (teflon), refrigerants (freons), etc. Chlorine is used to 
prepare numerous inorganic and organic compounds. It is employed 
in the ])roduction of hydrochloric acid, caliuum hypochlorite and 
other hypochlorites, chlorates, sul])hur chloride, carbon tetrachloride, 
various (ddorine derivatives of hydrocarbons, etc^. (-hlorine ])lays a 
very im])ortant ])art in the production of intermediate |)roducts for 
the synthesis of dyes and many medicinals and ])harma(5eutieals. A 
gix^at quantity of chlorine, both in the free state and in the form of 
bleaching salts, is used for bleaching fabrics and ])a])er ])ulp. (hlorine 
is used also to sterilize drinking water. 

Bromine is necessary for the manufacture of various medicinals, 
(‘(U’tain dyes and silver bromide, which is used in large quantities in 
the photograj)hy industiy. 

Iodine is widely used in medicine in the form of tincture of iodine 
(a 10 ])er cent solution of iodine in alcohol) which is an excellent 
antise})tic and sty])tic. Besides, iodine is a constituent part of a number 
of ])harmaceuticals. 

111. Hydrogen Coinpoiinds of the Halogens. Of all the halogen 
com])()unds, the most im])ortant jwactically are the hydrogen halides 
and the salts of the hydrohalic acids. 

All the hydrogen halides are colourless gases possessing a pungent 
odour, and condensing readily into liquids. Ilydrogen fluoride liquefies 
at 10.5° C, and the other hydrogen halides, at lower temperatures. 
The hydrogen halides are very soluble in water. For instance, one vol¬ 
ume of water will dissolve about 500 volumes of hydrogen chloride 
at 0°C; the solubility of hydrogen bromide and hydrogen iodide 
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is about the same*. Hydrogen iluoride is soluble in water in all 
j)ro]j()rti()ns. 

The aqiieoHs solutions of the hydrogen halides are typical acids, 
only hydrofluoric acid being coin])aratively little ionized. The rest of 
them are among the most active acids. 

All the hydrogen halides fume in the air, due to the formation of 
minute droplets of the corresf)ondiiig acids with the water vapours 
in the air. 

The stability of the hydrogen halides to heat falls abruptly from 
HF to HI due to the deciease in the electron affinity of the halogen 
atoms. While IlF does not ionize into atoms to any ])eree|)tible degree 
even at very high temj>eratures, hydrogen iodide decomposes 
considerabl}- into iodine and hydrogen at as low a temperatures as 

:mf c. 

The most important constants of the hydrogeii halides are given 
in Table 10. 


Table IV 

Most Important Constants of Ilydrotron Halides 


! Jlydr(>j2ft*n halido 
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- • S 4 

07.9 
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94 ! 

22.1 ; 

8.05 
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'Fhe general method of ])repariiig the hydrogen halides is by the 
action of concentrated sulphuric acid on the salts of the hydrohalit; 
acids. Thus, for instance, hydrogen chloride is usually obtained by 
lieating sodium chloride with concentrated sulphuric acid: 

NaC^l 4 -Na 2 S 04 -[ 2 H(^l 

Since glass vessels must not be heated too strongly, only one of the 
hydrogen atoms of sulphuric acid takes part in the reaction when it 
is carried out in the laboratory, resulting in the acid salt: 

NaCI 4- - NaHSO^ f RCl 

Fven though two molecules of NaCl be taken for each molecule 
of sulphuric acid, the reaction will go no further than the formation 
of the acid salt. Only when this method is used for the industrial 
production of HOI, allowing very intense heating, does the acid salt 
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interact further with a second molecule of NaCI to form the normal 
salt: 

NaCl I NaHSO^ - Na^SO^ | HCI 

Hydrogen fluoride is prej^ared in a similar way. It is of)tained from 
ealcinni fluoride, a natural compound of fluorine; 

CaF^-l- H.SO 4 CaSO^ f 2 ITF 

As hydrogen fluoride attacks glass vigorously, the reaction is usually 
carried out in lead vess(^ls, a protective layer of PbFj, forming on their 
walls, and ke(^])ijig the nujtal from furtlier corrosion. 

Hydn^gen bromide and hydiogen iodide can also be obtained b\' 
the action of sul])huric acid on metal Inomides and iodides. JUit during 
these reactions part of the hydrogen halides is oxidized by the sul- 
]>huric acid, lil)erating free bromine and iodine. For example: 

2 • 

2 H Br J SOo i - H /) 

Therefore these hydrogen halides are usually prepared by the action 
of water on t he ])h()s|)hurus compounds of bromine and iodine PBr.j and 
PI3. The latter undergo complete hydrolysis, forming ])hosphorous 
acid and the corrcsiKmding hydrogen halides: 

I^Br., I 3 H 2 O - H^PO^ 1 3 H Br 
PI 3 -f 3 HgO - H^POa + 3 HI 

(Contrary to the ])rej)aration of the free halogens, the ])ro))aration 
of the h\ c! ’ogcn halides is not an oxidation-reduction reaction. As 
can be seen from the above examples, no change in valency, character¬ 
istic of oxidat ion-reduction ])roeesses, takes place during these reactions. 

In ])ractice we have to do mainly with acpieous solutions of the 
hydrogen halides, which are acids, the most important being hydro- 
cliloric acid. 

llydrochloric or inuriatic add is prepared by dissolving hydrogen 
chloride in water. 

At i)resent the principal industrial method for the ])rcparation of 
hydrogen chloride is by synthems from hydrogen and chlorine accord¬ 
ing to the equation 

Had CI 2 - 2 HCI+ 43.8 Cal. 

This reaction is carried out by burning hydrogen in a stream of 
chlorine. ‘"Synthetic” hydrochloric acid is obtained by absorbing the 
resulting hydrogen chloride in water. 
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Fig. 80 shows a diagram of a synthetic liydrocliloric acid plant. 
The furnace / for burning hydrogen in chlorine is a vertical steel pipe 
Avith a special burner at its bottom (jonsistiiig of two concentric steel 

tubes. Dry chlorine enters at the 
bottom through the inner tube 2 
while dry hyclrogen is introdiu^ed 
through the outer tul)e 3. After 
ignition the mixture continues to 
burn tranquilly with a large flame, 
forming hydrogen chloride. The 
latter is then ])assed through 
a])sorption columns 4 (only one 
column is shown in the figure), in 
which it is absorbed by water 
trickling downwards. Thus, by 
using ])ure liydrogen and i)ure 
chlorine for the synthesis, chemi¬ 
cally j)ure hydrochloric acid can 
be ])roduced directly. 

'.riie earli(M’' su Iphate’' method of 
pre})aration of hydrogen chloi’ide 
still used at present is based on 
the reaction between concentrated 
sul])huric acid and common salt. At a high temperatun^- this i*ea(*.lion 
takes place according to the following summary ecpiation 

2 Nad I HoS()4-Na28()4+2 Htn 

Sodium sul])hate Na 2 S 04 is obtained as a by-j)roduct. 

Of the two methods mentioned, the more ])erft^ct is the synthetic 
method. With this method the hydrogen liberated simultaneously with 
chlorine during the electrolytic preparation of the latter can })e used, 
saving considerable (piantities of sulphuric acid, which is indis- 
])(Uisable for the pnxluction of mineral fertilizers, dyes and other 
products. 

Pure liydrocliloric acid is a colourless liquid with the pungent odour 
characteristic of hydrogen chloride. A saturated solution of hydrogen 
chloride at 18^'(^ contains 42 per cent HCI. Ordinary concentrated 
hydrochloric acid contains about 37 per cent H(3 and has a specific 
gravity of l.lh. This acid fumes in the air due to the liberation of 
liydrogen chloride and for this reason is called funiimj hydrochloric? 
acid. The technical acid is yellow due to the presence of impurities 
(mainly FeCl.,) and contains around 27.5 yier cent HCI. Synthetic 
hydrochloric acid contains 31 per cent HCI. 

If oonuontratod hydrochloric acn'd is heated, hydrogen (jliloride escapes first. 
togetluT with a .small (juaiitity of vvaH'r. ^fhis continue.^ until the re.sidue be- 


iVater 



hy drogen 


Chlorine 


Hj/drocmoric 
acid 

Fig. SO. Diagram of syntbelie liydro- 
cliloric acid plant 

1 liydrop'ii conihusl i<m furnurc*; chloriiK* 
inlet: o —Ijydrojfrn iiil<‘t ; •/ - alisorpt inn 
column 









III. HVI)H()Gf^:N (IMPOUNDS OK THK HAi.OGENS 


:um 


comos a 20.2 jkt rfmi Holufion; (he laOi?!* <iistills Airthor willioiit altt'Hiif? its 
<M>inj)(>siti(>u, at a (.‘oustant trinporatiirc of 110*. On Ilu‘ othor hand, if dilutee 
liydrtu'hlorie acid is h<'iitcd, wat(‘r (‘S(*ap(‘S hr.sl. W'Ikmi flic confc'ntratioii of 
the msichio reaches 20.2 per c('nt, th(‘ li(|iiid begins to distil witlicHit altering 
its composition, as in th(^ previous case. Thus, Fiyflrogen chloride cannot Ix' 
rt'rnoved entirely iVom watcu' by boiling. 

The coin})osition of the constant-boiling solution changes di^pcmding on tlu* 
])ressure, and therelbn* it cannot be regard(‘tl as a definite' chemical compound 
bet wee'll TKM anel water, althemgh at leiw tennpe'rature's x arious hydrates (such 
as H(?l*2 n 2 fh etc.) e'an be isolateel frenn hyelre>e*hle)ri(' aea'd. 

Hydrochloric acid i.s one of the most important a(*ids in (^lierni( 5 al 
]>i-actice. It reacts readily witli many metals, liberating hydrogen and 
iVirmiug salts, known as meial chlorides or just ehlorides. Hydrochloric 
acid is used for the iirejiaration of metal chlorides, for the ])rodnction 
of ammonia, glue, carlionic acid, a number of organic ])rej)arations. 
in the leather industry (to treat leather before chrome tanning), in 
the food indnstry, in tinning and soldoring and in many other branches 
of industry. A small cpiantity of hydrochloric acid is contained in the 
gastric juices of man and animals and plays an im])ortant pai't in 
digestion. 

The chlorides of most metals are readilj^ soluble iu ^^’ater and 
therefore are widely used in lafxn’atory ])ractice when it is necessaiy 
to introduee any definite nu'tal ion into a reaction. Of the most im- 
])ortant metals, only the chlorides of silver, univalent mercury and 
copper (AgCI, HgaCIo, (UiOl) are insoluble. I^ead chloride J^bOla is very 
slightly soluble. 

The most important chlorides are considered below. 

Sodium chloride Na(d or common salt is of very great importance 
in everyday life. First of all. salt is a necessary seasoning for our food. 
UMien salt plays an important ])firt as a means of preventing many food 
products from s])oiling. (/ommoii salt serves as raw- material for the 
])roduction of chlorine, hydrochloric acid, caustic soda ajul soda ash; 
it is used in the dye, soap and many other industries. 

Pot(hHsium chloride K( is used in immense quantities in agriculture 
as a fertilizer. 

Calcium chloride t-aCla fi HgO is emidoyed for the preparatioji of 
cooling mixtures. Anhydrous calcium chloride is widely used in labora¬ 
tory practice for drying gases, dehydrating ether and many other 
liquid organic substances. 

Mercuric chloride HgClg, or corrosive sublimate, is a very sti’ong 
])oison. It is used to jireserve wxkkI and anatomical preparations as 
well as for the preparation of other mercury comj)ounds. Very dilute 
solutions of corrosive sublimate (1:1,000) are used in medicine as an 
excellent disinfectant. 

Silver chloride AgCl is the least soluble salt of hydrochloric acid. The 
formation of a precipitate of AgCl due to the reaction between Cl'-ion 
and Ag*-ion is a characteristic test for chloride-ion. Silver chloride is 
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used in ])hotogra])hv for tlie prei)aratioii of certain ty])cs of sensitized 
j)latos a7id 2iap6>r8. 

It should be notecJ that when a metal of variable valency foi'ins 
two different salts with hydrochloric or any other liydrohalic acid, 
tlie ending (added to the name of the metal or its root) is used 

for the salt of lower valency, while the ending “/r” denotes the salt 
with the higher valency. For instance, FeCl^ called ferrous chloride, 
Avhile Fet/l.^ is ferric chloride; Ilg 2 t'l 2 mercurous chloride, and 
HgCl.j - meicuric (*hloride. etc. 

Hydrohromir and hydroiodic acids ar(> very similar in properti(\s to 
hydrochloric acid but ai*(' less stable. Since the electron affinity of 
bromine and iodine atoms is lower than that of chlorine atoms, Ih*'- 
and I'-ions are oxidized more readily than (U'-ion, as we liaA c already 
seen in the I’caction between sulphuric acid and the nud-al bromides 
and iodides. Iodide-ion gives away its electron es])ecially readily, and 
can be oxidizi‘d e\ en by atmospheric oxygen. For this reason a solution 
of hydrogen iodide very soon turns red if left standing in the air. 
due to the liberation of free iodine: 

4 c 

4HI + 60--2I2 i HgO 

Light grealJy ac(?elei'ates this reaction. Due to th(> readiness of 
iodide-ion to part with its electrons, hydrogen iodide is an active 
reducincj agent. 

The salts of hydrobromic and hydroiodic acids are called bromides 
and iodides, res|)(H*tively. Most of them are (pjite soluble in water. 
Th(> insoluble salts are those of the same metals which form insoluble 
chlorides. 

Solutions of sodium and ])otassium Iwomides are used in medicine 
under the name of “bromide” as sedatives in treating disorders of 
the nervous system. Silver bromide is used in large (piantities for the 
])ie{)aratioji of ])hotographic ])lates, films and 2 )apers. l\)tassium iodide 
is used in medicane for the treatment of certain diseases. 

J/ydro/luoric acid is a solution of hydrogcm fluoride in water. The 
names hydrofluoric a(*id and fluorine originated from fluorsi)ar, from 
which hydrogen fluoride is usually obtained (see footnote, p. 201). 

Both hydrogen fluoride and hydrofluoric acid differ in proj)erties 
from the r(;st of the hydrogen halides and hydrohalic acids. This 
difference, manifest(Hi even in the physical proj)erties of hydrogen 
fluoride, namely in its melting and boiling j^oints, which do not 
c()rresj)ond to its low molecular weight, is due to the strong association 
of its moh^cules owing to the formation of hydrogen bonds between 
them (see p. 205): 


. .. H- F ... H- F ... H -F ... 
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The vapour density of hydrogen fluorides at 32° (J shows that its 
formula at this temperature is (iJPjg, AvJiile at 00° (J it eonsists of 
simple HF molecules. Likewise, HF molecules are strongly associated 
in solution. 

(yOm|)ared to H(.-l, HBr and HI, hydrotluoric acid ionizes very 
little and, along with F'-ion, contains a large quantity of HFo'-ioii 
formed by the union of F'ions with HF molecules. For this reason 
hydrofluoric acid forms a number of acid salts, such as KHF.,, thus 
beliaving, in a sense, like a dibasic acid. 

One of the remarkable properti(‘S of hydrofluoric acid is its capacity 
for reacting with silicon dioxide or silicic anhydride SiOg, a constituent 
part of glass, to form gaseous silicon fluoride SiFj and water: 

SiO,+ 4 HF.-SiF4+2 ligO 

The use of hydrofluoiic a(id for etching drawings and inscriptions 
on glass, as wxill as for frosting glass articles (such as (4('(^tric light 
})ulbs), is based oji this reaction. 

To et(4i a drawing on glass, the latter is first coated wdth wax 
or ])araftin, which are indifferent to HF; then the wax is cut or 
scratched off the parts where the drawing is to be inscuibed, and 
the denuded surfac(>s are treated for some time with hydrolluoric 
acid or hydrogen fluoride? va])ours. 

Large ameunts of hydrogen fluoride are employed for the])re])aration 
of cryolite, used in the ])roductioji of aluminium (§ 22!)). Besides, 
hydrogen fluoride is used as a catalyst in certain chcnnical ])rocesses 
su(;h as the manufacture of high-quality motor fuel. 

Hydrolluoric acid is emj)lo\'ed also for the })r(q)aTMtion of organic 
fluorides to be used iji refi ig(u*ators. in the synthesis of certain types 
of dyes, lul>ricants and ])lastics. In analytical laboratories hydrofluoric 
acid is used for dissolving various silicat(>s (salts of silicic acid). 

The va])ours of hydrofluoric acid are very poisonous. Jf concentrated 
hydrofluoric acid comes in contact Avith the skin it causes very serious 
burns wdiich turn into ulcers that heal with great difficulty. Therefore, 
this acid should be handled very carefully. In the laboratory hydro¬ 
lluoric acid is kept in vessels made of j)araffin which it does not attack. 

Tho salts of hydrofluoric acid lliiorides - are mostly insoluble 
in w^ater, which distinguishes them from the salts of the other hydro- 
halic acids. But silver fluoride AgF dissohx^s I’eadily in water, although 
AgOl, AgBr and Agl are practically insoluble. 

Sodium fluoride NaF is used to destroy agricultural pests and as 
a preserA^ant for impregnating aathkI. 

112. Oxygen Compounds olf the Halogens. The halogens do not 
combine directly with oxygen; hence their oxygen compounds can 
be obtained only indirectly and are not very stable. The most stable 
are the salts of their oxygen acids and the least stable, their oxides. 
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In all their oxygen compounds the halogens are positively valent, 
their valency being as high as seven in the highest oxygen compounds 
of chlorine and iodine. 

l^he most numerous and yu’actically important are the oxygen 
eomj)ounds of chlorine, which w'e shall examine in greater detail. 

To give a more general idea, the formulas of the oxides and acids 
formed by chlorine are show^n in Table 20 together with the names 
of the acids and the corresponding salts. Compounds which have 
not yet been obtained, but are assumed to exist, are enclosed in 
parentheses. 

Tahlf 20 


i 


Oxy&ren (■oinpoiindH of Chlorine 


Oxi<i(‘H 


Acids ! 

Narrifts of salts ! 

Eormula | 

Nume i 

CLO 

11(10 

Hypochlorous 1 

Hypochlorites 

((V)3) 

HdOg 

ChIoiY>u.s 

f-hlorites 

c;jo. 

— 



(CLOs) 

11(10., 

Chloric 

(lilorati^s 

Cl.O, 

HdO^ 

I’orc-hloric 

1 

lljrcjhlorrtto 


All the oxygeji eom])oimds of ehloriiie are strong oxidants. When 
oxidizing, the positively valent chlorine atoms are usually reduced 
either to neutj’al chlorine or to negatively chaiged Cl'-ion. Of great 
practical irn|)oitance are th(^ hypochlorites and chlorates, salts of 
iiy]) 0 (;hIorous and chloric acids, respectively. 

llyporhlt)ritiJ<. Their pre])aT-ation is based on the reaction be¬ 
tween (chlorine and water, leading to the formation of hypochlorous 
acid: 

CI2 I HCIO+HCl 

This is the hydrobphH of (chlorine. It may be assumed that hydrolysis 
is j^receded by polarization of the covalent bond between the chloivine 
atoms in the Cl 2 molecule, i.e., a shift of the common electron pair 
towards one of the atoms under the inlluencc of the ])olar water 
molecules. After this the positively charged chlorine atom combines 
with the hydroxyl of water, displacing a proton, wdiile the other 

chlorine atom is converted into a [: Cl:] ion, as shown by the following 
scheme: 


:CI: |C1:+H:0: H - > H: 0: Cl + [: Cl: J"+H^ 
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It can be seen from tlie scheme that the hydrolysis of chlorine 
is an oxidation-reduction reaction, during whi(?h one of the chlorine 
atoms, gaining an electron from the other, is reduced, while the 
other chlorine atom is oxidized. 

C1+ c --C1 

A reaction of this kind, in which one atom of an element is the 
oxidant and the other atom of the same element the reductant, is 
called a self-oxidation-sclf-reduction reaction. 

The HCl and HCIO produced during the hydrolysis of chlorine 
ma,y react with each other to give chlorine and water again; hence, 
the reaction is not complete, equilibrium being established after 
ap})roximately of the dissolved chlorine has reacted. Thus, chlorine 
water always contains a considerable amount of hydrochloric and 
hyj)Ochlorous acids alongside its Cl 2 molecules. 

Tho splitting of th(j covalent bond between the chlorine atoms during its 
hydrolysis is of a differoiit nature than tlui splitting of that between the same 
ai.oms under the action of light on chlorine, accompanied by the formation 
of free chlorine atoms. 

- ; -j; 

larici: 

Splitting of the bond Splitting of the bond 

during hydrolypis under tho action of light 


The first typo. (»f splitting of the <H)valt‘nt bond is calhul Jiotcrogenoous and 
the second liomogciicous. 

Otlu^r (examples of homogeneous tuid hoterogeneous splitting of bonds are 
the tlKTTnal dissociation of hydrogem it)didc u])ou healing: 

f i: 

and tlie (dectrolylic dissociation (ioiii/,ation) of hydrogen iodide when dissolved 
in w'aler: 

I j:! :] 

liypochlorous acid HCIO is very unstable and gradually decomposes 
ill solution into hydrogen chloride and oxygen: 

2HCIO-2HCI+O2 

As the hypochlorous acid decomposes, the equilibrium of the 
reaction between chlorine and water (shown on p. 306) shifts 
to the right, until all the chlorine has reacted with the water and 
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only HCl remains in solution. I'his reaction is greatly accelerated 
by light and that is why chlorine water should always be ke])t in 
the dark. 

Hy])ochlorous acid is a very active oxidizing agent; its formation 
during the reaction of chlorine with Avater accounts for the bleaching 
|)roj)erties of chlorine. Perfectly dry chlorine will ]iot bleach, but 
in the piesence of moisture dyes are rapidly broken down by the 
hypochlorous acid formed during the hydrolysis of chlorine. 

if an alkali is added in small ])ortions to (hlorine water, neutrali¬ 
zation of the livj)Ochlorous and hydroehloi'ic acads will also shift 
the e(piilibrium of the hydrolysis of chlorine to the right; the result 
is a solution containing salts of hypochlorous and hydroehloi'ic 
acids: 

H(‘l I H(1()+ :> KOIT^-KCl f K( lO4- 2 fLO 

The result will obviously be the same if (chlorine is passed dil*e(^tly 
through a cold solution of alkali: 


2 K()H \ -KV\ \\i%) r H,() 
or in the ionic form: 

2()U4i CT i dU' h H,() 

The liquid thus obtained, (containing a mixture of hypochloritos 
and chlorid(cs in solution, is called can dc Javellc (Javelle is a small 
town near Paris where this water was liist ])rej>ared) and is used 
for bleaching; its bleaching properti(‘s aie due to the fa(ct that ]) 0 - 
tassium hy])ochlorite de(K)mj)oses readily under th(c iiitluence of the 
carlxm dioxide of the air, forming hypochlorous acid: 

K(tO I (X),-f H2() - KH(:03 4- HCIO 

The latter is the active bleaching agent. 

A similar solution containing sodium hypochlorite (can be obtained 
by j)assing chlorine through a solution of sodium hydroxide. Both 
solutions (can b(c obtained also by the electrolysis of K(d and Nat.l, 
if the chlorine lilx^ratcMl is allowed to react Avith the alkalis formed 
during the electrolysis (see ]). 530). 

The action of chlorine on dry slaked lime gives what is known 
as blcachimj powder or caloumi hyj>ochlorite. Its cliicf constituent 
part is C'a(ClO).,, Avhieh forms according to the reaction 

2 Ca(OH)2+ 2 Ol2-Ca(C10)2+ CaCla-f 2 HgO 

but besides this, bleaching poAvder contains various basic calcium 
salts. 
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Bleaching powder is a white powder with a f)un^ejit odour and 
strong oxidizing properties. In moist air it decomposes gradually 
under the action of carbon dioxide, liberating liyy)0(;hlorons acid, 
whitdi accounts for its characteristic odour: 

(^(10)2 i C(),+ H2()- (^aCO^ f 2 HCIO 

The action of hvdro(;hloric acid on bleaching pouder results in the 
liberation of chlorine: 

(!a((n())2+ 4 H(H-.-CaCl2-r Cl. I H.O 

: 1 1 
2(l-f2e -(I 2 

1 

2 C^l- 2 e .:=Cl2 

Bleaching i^owder is widely used for })lea(‘hing v(^g(^table fibres 
(fabrics, ])aper), for disinfecting cesspools, lavatori(\s, diainage 
ditches, etc. In gas defence bleaching powder ])Iays an important 
part as a means of degasing teri'ains contaminated Avith poison gases. 


fjuality ofbhiarliing powder is evaluated In its “acjtivf; ehlorine” eontent, 
by the arnoiiiil of chlorine liberated under lh('. action of liydroehiorie 
acid, expressed in p(T cent of the total wc'ight of the product. Standard bleaching 
])owder contains about 35 per cent of active chlorine. 

R(H*.entIy a new industrial iiielhod has becMi develop(>d for ]>n'}>ariiig bleaching 
])owder with a v(U'y high a<^t iv(‘ chlorine c'ontent. 'fliis bleaching powdtu* consists 
of almost pure calcium hypochlorite Ca(CIC)) 2 . It is yweparcMl by the action 
of chlorine on milk of lime—a mixtun^ of slaktnl lime with a small quantity 
of water. Calciviin hypochlorite is formed as tiny crystals of th(> composition 
('a((?IO ).2 '3 H.^O. Wlien the react ion is ovt'r, the pr(H*i[)itate is liltered and dried, 
'flu' resulting technical ])roduct contains up to 70 ])er cent activ(‘ ihlorine. 

Chloratis are salts of chloric acid HClOjj, which is a rather unstable 
compound, 'i'he best known and most important of these salts is 
polasfiium (Morale KClOg, known also as Berthollet’s salt. 

If a solution of potassium hypochlorite is heated it loses its bleaching 
properties. This is due to the decomposition of KCIO into potassium 
chlorate and potassium chloride according to the following equation: 

3 K(10:--K(30,, -f 2KC1 

or in the ionic form 

SCIO'-OIO^' i 2cr 

in this reaction of the chlorine atoms contained in the CKT ions, 
and having a valency of pi, are converted into Cl' ions, i.c., are 
reduced, wdiile the remaining atoms pass from the -| 1 into the -f5 
valency state, i.e., are oxidized. 
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If chlorine is passed tlirough a hot solution of potassium hydroxide, 
K(1()3 results directly instead of KCK): 

6 KOH + 3 Clo - 5 KCl + KClOg + 3 HgO 

6 OH/ + 3 i\ - 5 Cl' + ClOa' I 3 H 2 O 

During this reaction of the chlorine atoms are oxidized to CIO./ ions 
and are reduced to Cl' ions. 

Since potassium chlorate is only sliglitly soluble in cold water, 
it crystallizes out of solution when the latter is cooled, and can thus 
be separated from the potassium chloride, which remains in solution. 

Potassium chlorate decomposes readily when heated, liIterating 
oxygen: 

2KCIO3-2KCI h 3 0,, 

Mixtures of ])otassium chlorate with various combustible substances 
(sulphur, charcoal, ])hosy)horus) explode violently when struck. This 
is the basis of its use in artillery for the y)roduction of fuses. Potassium 
chlorate is employed in ])37rotechnics for the ])re])aration of Bengal 
lights and other highly flammable mixtures. But the chief consumer 
of potassium chlorate is the match industry. 'J'he head of an ordinary 
match contains about 50 y)er cent potassium chlor‘at(L 

Chloric acid corresponding to potassium chlorate, is known 

only in aqueous solution, condensable by evaporation to a (joncentration 
of 50 per cent. CJhloric acid is an active oxidizing agent. 

The structural formula of chloric acid is: 

.0 

H —o -cir 

'•'H) 

No anhydride of chloric acid is known. Instead, upon the de¬ 
composition of chloric acid, for instance, by the action of concentrated 
sulphuric acid on ])otassium chlorate, a yellowish-brown gas with 
a characteristic; odour is liberated. This gas is chlorine dioxide CIO2. 
(chlorine dioxide is very unstable and decomj)oses eruptively into 
chlorine and oxygen if heated or brought into contact with organic 
substances, etc. A mixture of potassium chlorate and sugar can 
be ignited by moisteming it with a drop of sulphuric acid, as the 
chlorine dioxide liberated is a j)otent oxidant. 

If potassium chlorate is heated carefully in the absence of a catalyst, 
it partly decomposes, liberating oxygen, and jjartly passes into 
potassium perchlorate KC3O4, a salt of perchloric acid: 

hv hvu -1 
4K0103-3KC1()4+K01 


Perchlorates are more stable compounds than chlorates. If potas¬ 
sium perchlorate is acted on by sulphuric acid, free perchloric acid 
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HCIO 4 results, which, when pure, is a colourless liquid freezing at 
- 112 °C. 

Perchloric acid HCIO 4 is the most stable oxyacid of chlorine. At 
the same time, it is the strongest of all known acids: its apparent 
degree of ionization in 0.5 N. solution is 88 per cent, which is higher 
than the apparent degiee of ionization of hydrochloric acad under 
the same conditions. Perchloric acid is not so active an oxidant as 
chloric acid. 

The structure of perchloric acid may be expressed by the formula 

O 

H - O —(M=-() 

O 

If perchloric a(jid is heated with phos])horus pc^ntoxide, the latter 
abstracts water from it, leaving perchloric anhydride: 

2 HC1()4 I P2()5-2 HP0, + CIA 

Perchloric anliydride is an oily liquid with a boiling point of 8 :PC; 
it explodes voilently w'hen struck. 

A comparison of the projierties of the most important oxygen 
compounds of chlorine allows the following general conclusion to 
be drawn: As the valency of chlorine increases, its oxyacids become 
more stable and their oxidizing properties beconie weaker. The ?nost 
powerful oxidizing agent is hypochlorous acid and the weakest is per¬ 
chloric acid. On the contrary, the strenyth of the cJdorine oxyacid increases 
with the valency of the chlorine. The weakest is hypochlorous acid 
(its ionization constant being about 10 “®). and the strongest is per¬ 
chloric acid. 

Oxygen compounds of fluorine. The only iiix osligated conipoimd of fluorine 
and oxygen is fluorino oxide or oxygen fluoride OP^ 2 , first- obt ained only in 1927. 
Jt is a colourless gas wliich liquefies at - 145'"C, very poisonous and only slightly 
soluble in water. 

Oxygen fluoride? is prepared by the action of fluorine on a 2 j)er cent solution 
of alkali: 

2NaOH: I 2 F 2 - 2KaF | OF^ + H^O 

Its propt?rties (low boiling point, slight solubility in w^ittir) indicate tluit the 
bonds betw'een the fluorine ami oxyg(?n in oxyg(?n fluoride are covalent. Its 
•structure may b(' represented as follows; 

:F:0;F; 

Since tin? electronegativity of fluorine is higher than that of oxygen, the 
fluorine in oxygen fluoride should be regarded as negatively univalent and the 
oxygon as positively bivalent. 
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Oxjftjm cotupounds oj browinc and iodine. The only oxygon coriipound.s ol 
brorniiH' known at j>r(*seut aro htjpobnnnoiis acid HllrO, hrowic acid' HHrO^j 
and thoir salt.s. ''J'heso cninpounds are ])rr])aro(l in flic* same wa.^’ as Mk' eorre- 
spondiji^ vomjnninds of cliJorine, but are /ess siahlc. Noitbor perbromie acid 
nor any of its salts have ever been discovered. The oxides of bromiiK' an* very 
unstable^ and exist only at. low temperatiin^s. 

Iodine also forms only oik* oxide called iodic anhydride and corresponding 
to ifulic acid HIO.,. The sodium salt of this acid occurs as an impurity in Chilt* 
salt})(*tn‘. 'rh(' potassium salt (Wi be ])repared in the same way as potassium 
chlorate, by the action of iodine on a. lait solution ol‘ the alkali. 

Free iodic acid is ])r(‘pared b,\' oxidi/jriti: iodine in the ]>n\sem^(’! of water. If 
<*hlorine is used as tlu* oxidant, the react ion takes place according to the following 
e(juat ion: 

! niM. i 2HH)^ \ JOH(‘l 

Iodic acid is a crystalliia* substanc**, <|uit(* stabk* at (u*diuarv teinjierat urt‘s. 
II' h(‘at(‘d to 2(UV ( \ iodic acid los<‘S the (*l(‘ments of water and is convei'ted into 
solid iodic anh\'drid(': 

2 11103 IgOj ! H.,0 

Above 3h<l iodic anhydride de<M)mj)Oses, in its turn, into iodine and oxyjjen. 

Anoth('r oxyacid of iodine is periodic acid 11104 , wliich is prepared by the 
a(*tion of iodine on 110104 : 

2 HOIO4 , 1 . - 2 HIO4 : Oh 

If a soluti<in of HIO, is evaporated, colourless crystals art* deposited, having 
the composition .HIO,-2 HoO and a intdting ])oint of 130 (.’. Howt>\'(‘r, this 
crystal hydrate should be r<‘gard(‘tl as a differt'iit, pt^nlabasit^ at^id Hp^lOp {para- 
}>eriodie acid), ns all five ]iy<lrogen atoms in it can be displaced by metals to 
form salts (e.g., AgrJO^). 

l*eriodi(* anhydrale J^O^ has not )H‘eii obtained. 

113. Balaiuring Equal ions of Oxidalion-ltediKdioii Roaciions. In t lio 

courses of oui* acquaintance with the properties of the lialogens we 
liave frtjqueiitJy had to deal with oxidation-reduction reactions. These 
reactions are ol’ten rejnesented by rather complex equations witli 
large coefficients bt^fore tlu^ formulas of the reacting and resulting 
substances. The cliief difficulty in deriving such equations is to lialance 
them corre(?tly. There are several m(>thods of finding thc^ coefficients: 
the simplest metliod is based on counting u]) the electrons gained 
and lost by the substances taking ]>art in the reaction. 

In oxidation-reduction reactions electrons arc Jiot acquired from 
the environment but just ])ass from one set of atoms or ions to another, 
tand therefoTc the number of electrons gained by the oxidant must 
obviously be equal to the number of electrons lost by the reductant. 
Heui(;e. to balance the ecpiation of an oxidation-reduction reaction, 
Ave select the ccxTficients for the oxidizing and reducing substances 
so that the number of r(*acting atoms or molecules of the oxidant 
multiplied by the number of (electrons it gains is equal to the product 
of the number of reductant atoms or molecules and the number of 
electrons each of them loses. 
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There is no difficjulty in counting up the number of electrons yielded 
by the reducing agent and gained by the oxidizing agent if the 
changes in vaiency of these agents due to the reaction is known. 

WJien writing the equations of oxidation-reduction reactions it 
is necessary, of (iourse, to know what becomes of the oxidizing and 
i-educing agents as a result of the reaction. In many cases this can 
be predicted beforehand, if the properties of the reacting substances 
are known. Allowance must also be made for the ])ai'ticipation of 
water in the reaction, if it proceeds in aqueous solution; whether 
wat(^r partici])ates in the leacdlon or not becomes evid(uit Avhen 
balancing the equation. 

Now let us attem])t to balance several ecpiations of oxidation- 
reduction reactions and see how the coefficients are determined in 
concrete exam])Ies. 

1 . Oxidation of hydrogen iodide by concentrated sylph uric arid. Ibider 
the action of concentrated sulphuric acid hydrogen iodide evolves 
l‘re(' iodine and tlie sulphuric acid is reduced to hydrogen sulphide. 

1 'lu‘ unbalanced ecjuation of this reaction is: 

HU H2SO.1 "I24 H.2S 

First we determine the valencies of the elements involved in oxi¬ 
dation and reduction before and after the reaction, indicating them 
in Homan numerals above the symbols of the elements: 

- 1 }-vr i) -11 

HH 11,804 >1.2+H,8 

It can be seen that the valency of the iodine has increased from 
- 1 to 0: hence, iodine \\’as oxidized, each of its ions losing one electron 
during the reaction. On the other liand, the valeiHjy of the sulphur 
decreased Irom I 0 to —2, i.e., sulphur was reduced. The valency 
of the sulphur decreased as a result of electrons passing from hydrogen 
iodide to sulphuric acid. Fach sulphur atom, covalently linked to 
oxygen atoms in sulphuric acid, gains eight electrons and is con- 

' Vvr 

N'erted into a 8 ion. Dejioting this atom by 8, we record the passage 
of electrons during the reaction by the following electronic equations:* 

0 

S l-e -I 
I VI 

1 , 8-i Sc -=:=8'" 

* In the following, atoms link(*d b\' a covak'iit bond iji inol(M‘u]t\s of complox 
substances or in complex ions will be donotod by th(? symbols of the respect ivo 
elements with a Roman numeral above* them showing the vak>n(W of the elouKuit 
(atom). 
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As the number of electrons yielded by the iodide ions must equal 

+vi^ 

the number of electrons acquired by the sulphur atoms S in the 
sulphuric acid molecules, eight iodide ions must obviously be taken 
for each sulphur atom, i.e., eight HI molecules for each H2SO4 mole¬ 
cule. This is indicated by the figures at the left of the above equations. 
Thus we find the coeflicients for the oxidant and rediujtant, and at 
the same time the coefficients of the substances formed as a result 
of oxidation a7id reduction, as eight HI molecules will, quite obviously, 
form four To molecules, and one H2SO4 molecule will give only one 
HoR molecule. Filling in the coefficiejits now known we get: 

8HI+HoS04->4T2 1 HgS 

Now, if we (H)mpare the number of hydrogen atoms on both sides 
of the equation v e tind that there arc eight hydrogen atoms missing 
on the right side. Evidently, water is also formed during the reaction, 
besides the direct ])roducts of oxidation and reduction indicated. 
The number of molee.ules of water is determined by the number 
of missing hych'ogen atoms. Adding four molecules of water to the 
right side, we g(^t the balanced equation of the reaction: 

8 HI f H2SO4 - 4 I2 f HaS + 4 HgO 

Finally, we check the iiumber of oxygen atoms on both sides 
of the equation to make sure that it has been balanced correctly. 

2. Oxidation of copper by dilute nitric acid. The oxidation-reduction 
])roducts of the reaction between copper and dilute nitric acid are 
cupric nitrate (vu(N03)2 and nitric oxide: 

0 fv -m fTi 

Eu f HNO 3 Cu(N03)2+ no (unbalanced) 

It can be seen that as a result of the reaction the copj)er atom 
is oxidized, losing two electrons, while the })entavalent nitrogen 
atom is reduced, acquiring three electrons: 

3 I Cu — 2 e - Cir • 

i -|V -fJJ 

2' N-f 3 c--N 

Hence, the oxidation of three copper atoms requires two nitric 
acid molecules, and as a result of oxidation and reduction, three 
cupric ions contained in Cu(N()3)2 and two NO molecules should 
be formed: 


3 Cu + 2 HN03 -> 3 Cu(N03)2+ 2 NO 
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However, comparing the number of atoms of copper and nitrogen 
on both sides, we find that there are six nitrogen atoms more at the 
right than at the left. To balance the number of nitrogen atoms, 
the coefficient of nitric acid on the left side must be increased to 
eight. Thus, a total of eight molecules of nitric acid participate in 
the reaction, but only two of them take jiart in the oxidation of the 
copper, since only two nitrogen atoms lower their valency from 
-1-5 to -f-2: 

3 Cu -I- 8 HNO3 -> Cu(N() 3)2 r 2 NO 

Now we chec^k the number of h^^drogen atoms. On the left side 
there are eight hydrogen atoms, whereas the right side does not 
contain hydrogen at all. Obviously, four molecules of water are 
also formed during the reaction. Putting them down on the right 
side, we get the balanced equation of th(' reaction: 

3 Cu I 8 HNO3-3 Cu(N 03)2 I 2 NO f 4 H.O 

Reactions in which the oxidant or reductant, besides its main 
function, is used to bind the ions formed during the reaction, are 
encountered quite often. In all such cases the coijfficiemts are selected 
as shown above. 

In the ionic form the reaction in question is expressed by the 
equation: 

3 Cu 4- 8 H • + 2 NO3' - 3 Cu • 4- 2 NO -| 4 H2O 

from which it is (piite obvious that only two NO3' ions, i.e., two 
molecules of nitric acid, and not eight, as shown in the molecular 
equation, are expended on the oxidation of the three (iopper atoms. 

When verifying ionic equations it must be kept in mind that 
not only must the total number of atoms of each element be the 
same on both sides of the equation, but the algebraic; sum of all 
the charges on the left side must equal the algebraic sum of the charges 
on the right side as well. For instance, in the above case the right 
side of the equation contains six positive charges (+ 2 x 3 ), and 
the algebraic sum of the charges on the left side also equals six (+8 -2). 

On the basis of the above examples, the following order of balancing 
(equations of oxidation-reduction reactions may be recommended : 

1. Write out the unbalanced equation of the reaction, showing 
the reactants and resultants of the oxidation and reduction j)rocess. 

2. Determine the valency of the elements taking ]:)art in the reactioji 
before and after the reaction and decide which atoms or ions are 
o.xidized and which reduced. 

3 . Write out the electronic equations for the oxidation process 
and for the reduction process and find the least factors by which 
these equations must be multiplied to make the number of electrons 
in both equations equal. 
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The figures thus found are the coeffieients of the oxidant and 
reductant. This also determines the coefficients of the substan(?es 
produced as a result of oxidation and reduction. The coefficients 
of any other substances that may be taking ])art in the reaction 
are selected afterwards by counting up the number of atoms (ions) 
in both parts of the equation. 

In concluding, it should t)e noted that very many substances 
manifest oxidizing or reducing properties only in acid or alkaline 
solution. F()r instance, nitric acid, or rather ]ST)./-ion, is an active 
oxidant in acid solution but has no oxidizing properties in Jieutral 
solution, when in the form of some salt of nitric acid; the halogens 
(chlorine, bromine) manifest their oxidizing properties most actively 
in alkaline solution, etc. 

Jn practice a solution is usually made acid f)y adding sulphuric 
acid, and alkaline by inc^aiis of sodium or ])otassium hydio.xide. 

The mo.sf important oxidanlfi are: ])otassium permanganate and 
])otassiiim bichromate in sulphuric acid solution, nitric acid, the 
halogens, potassium chlorate, sodium hypochlf)rite. hydrogen pei- 
oxide. 

The most important reductants are: the base metals and hydrogen, 
carbon, silicon, carbon monoxide, compounds oi‘ bivalent tin, hydrogen 
sulj)hide, sulphurous a(jid. hydrogen iodid(‘ and others. 
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114 . General Features ol the Oxygen Group. Tlie oxygen group 
iiielndes the t-yyrieal elements of the sixth group of the Periodic 
Table, viz., oxygen and sul])hiir, as well as selenium, tellurium and 
|)oloniiim of the odd seric^s, whieh are similar to them in structure, 
ilie last named is a radioactive element and its chemical proi)erties 
a.r(^ almost luiknoAvn as yet. 

Owing to the ])resence of six electrons in the outer layer of their 
atoms, the elements in question should be classed as non-metals, 
though less a(?tive than tlu‘ halogens. (Taining two electrojis, the atoms 
of the elements of this grou]) become negatively doubly-charged 
ions in which form they are contained in their compounds with metals. 
They are negatively bivalent in their compounds with hydrogen 
as well. But they may be positively valent as well, e.g., in conqxmnds 
with oxygen, Avhere their valency equals +4 or 16. The only ex¬ 
ception is oxygen itself, whose six outer electrons are so strongly 
linked Avith the nucleus that there is apparently not a single element, 
exce])t fluorine, whose atoms are capable of draA\'ing thenn aAvay 
from the oxygen atom. For this reason, oxygen is only negatively 
bivalent in all its compounds (except OFg). 

As in the case of the halogen group, the physical and chemical 
properties of the elements in the oxygen group gradate regularly, 
as their atomic numbers grow. The appearance of new electron 
layers increases the radii of the atoms, as a result of Avhich their 
electron affinity decreases, the oxidizing properties of the neutral 
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atoms grow weaker and tlie reducing properties of the negatively 
charged ions, stronger. "J"he generally non-metallic properties, well 
defined in oxygen, are much less pronounced in tellurium. 

Tlie most im];)ortant constants of the oxygen grouj) elements are 
given in Table 21. 

Table 21 

31ost Importaiii Physical Constants of the Oxygen (iroiip Elements 



Oxygen 

Sulphur 

Solon ium 

So 

Tellurium 

Te 

Specific gravity . 

1.20 (liq.) 

2.07(rhomb.) 

4.81 

6.24 

Melting ]K)int, degr. C . . 

- -218.8 

112.8 

220 

450 

Boiling point, degr. C .. . 

-183 

444.6 

! 680 

1,390 

Atomic radius, A. 

0.60 

1.04 

i 1.16 

1.43 

B" ion radius, A . 

1.32 

1.74 

1 1.91 

1 

2.11 


OXYGEN (Oxygenium); at. wt. 1(5 

115. Oxygen in Nature. Preparation and Properties of Oxygen. 
Of all the elements found on the earth, oxygen is the most abundant. 
It occurs in the free state in atmospheric air, which contains 23.2 per 
cent of oxygen by weight or 20.9 per cent by volume. In the combined 
form oxygen is found in watc^r (88.9 per cent), various minerals 
and rocks, as well as in all plants and animals. The total amount 
of oxygen in the outer sliell of the globe (air, water and the earth's 
crust) equals a])])roximately half its wx^ight. 

Oxygen was finst ]>repared in tin? pure form by Scheele in 1772 
and then by the Englisli chemist Priestley in 1774; the latter obtained 
it from mercuric oxide. However, Priestley did not know that the gas 
he had o})tained was contained in air. Only several years later, having 
made a thorough study of the properties of tliis gas, Lavoisier estab¬ 
lished that it w as a coni[)onent ])art of air, and gaveit the name oxygen. 

Oxygen is a colourless odourless gas. It is a little heavier than air, 
one litrci of oxygen at S.T.P. weighing 1.43 gr., while one litre of 
air under the same conditions weighs 1.29 gr. At —183® C and ordinary 
pressure oxygen condenses into a mobile bluish liquid and at —218.8° (■ 
solidifies into a snow^-like mass. Oxygen is but sparingly soluble 
in water: 100 volumes of water will dissolve 4.9 volumes of oxygen 
at 0°C and 3.1 volumes at 20° C. 

Oxygen is usually prepared in the laboratory from potassium 
chlorate, which decomposes when heated in the presence of manganese 
dioxide (as catalyst) into oxygen and potassium chloride: 


2KCIO3-2KCI+3O2 
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For industrial purposes oxygen is ])roduced in large quantities 
from liquid air, which is chiefly a mixture of liquid oxygen (54 per 
cent), liquid nitrogen (44 per cent) and liquid argon (2 per cent). 
When liquid air is evaporated in special apparatuses, permitting 
the nitrogen given off to be collected (for technical purposes), the 
residue is almost pure oxygen, containing not over 3 per cent impurities 
(mainly argon, the boiling point of which is very close to that of 
oxygen). 

Very pure oxygen can be prepared by the electrolysis of water. 
This method has received the widest application wherever cheap 
electric power is available. 

Oxygen is marketed in steel cylinders, in which it is kept under 
a pressure of 150 atm. 

One of the most characteristic features of oxygen is its property 
of combining with many elements with the evolution of heat and 
light. Such reactions are commonly called combustion. In 1746 
Lavoisier proved that combustion consists in the union of the com¬ 
busting substance with the oxygen of the air. 

Combustion takes place in pure oxygen much more vigorously 
than in air. Although the same amount of heat is evolved during 
this process as during combustion in air, the reaction takes place 
more rapidly and none of the energy evolved is wasted on heating 
the nitrogen of the air; therefore, the temperature of combustion in 
oxygen is much higher than in air. 

Oxygen plays an exceedingly important part in nature. It is usually 
indispensable for respiration, one of the most important vital processes. 
Of no less importance is another process in which oxygen takes part, that 
of the rotting and putrefaction of dead animals and j)lants; during 
these processes complex organic substances are transformed into 
more simple substances (in the long run into carbon dioxides, water 
and nitrogen), the latter being returned to the general cycle of sub¬ 
stances in nature. 

The applications of oxygen are very diverse. Oxygen is employed 
to obtain high temperatures, for which purpose various combustible 
gases (hydrogen, acetylene, illuminating gas) are burnt in special 
torches (st^e, for instance, § 67). 

Oxygen is used to intensify chemical processes in many branches 
of industry (for instance, in the j)roduction of sulj^huric and nitric 
acids, in the blast furnace x^rocess, etc.). Oxygen is used also in 
juedicine (for inhalation in cases of carbon monoxide x>oisoning, 
resjuration difficulties, etc.). 

Mixtures of liquid oxygen with powdered charcoal, wood meal, 
oils, or other fuels are known as oxyliquits. They are very explosive 
and are used for blasting. 

116. Ozone. If electric sx)arks are passed through oxygen or air, 
there ax)pears a characteristic odour familiar to everyone who has 
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had to do with electrostatic machines or induction coils. This odour 
is due to the formation of a new gaseous substance— ozone.. Since 
ozone can be obtained from absolutely pure dry oxygen by the 
action of electric sparks, it follows that ozone consists of oxygen 
only, being a special moditication of this element. 

The molecular weight of ozone is 48, while that of oxygen is 82. 
The atomic* weight of oxygen equals 16; lienee, the ozone molecule 
consists of three oxygen atoms, while the oxygen atom consists of 
only two. Thus, oxygen c^an exist in the free state in the form of two 
allotro])ic modifications, namely, oxygen proper and ozone Og. 

Ozone is prepared by the action of a silemt electric discharge on 
oxygcTi. The a])paratiis used for this purpose is called an ozonator, 
shown in Fig. SI. It consists essentially of two glass tubes, one inside 
the other. Oxygen is drawn slowly betwc'di 
the tubes. A dilute solution of sulphuric acid 
is poured into the inner tube and the 
entire a])paratus is immersed in a beaker 
containing the same solution. Leads from 
an induction coil are dipja^d into the solu¬ 
tion. Thus, the solutions are electrodes and 
at the same time serve to cool the gas. 
WJk'h the coil is set to work a siUmt (electric 
discharge^ occurs in the space lietwecm. the 
tube walls. The oxygen (coming out of the 
ap])aratus contains sevcn^al ])(*r cent of ozone. 
The Icmer the temperature*, the*, more ozone 
])roduced. 

The ozone can be se])arated fiorn the oxygen 
by fieezing, u|K)n which the ozone condenses 
into a blue licpiid with a boiling point of 
—112''(\ Liquid ozone is very ex])losive. 

The solubility of ozone in water considerably exceeds that of 
oxygen; 100 volumes of Avater at <!'C will dissolve 40 volumes of 
ozone. 

At ordinary tc'inperatures ozone is (piite stable but decomposes 
readily Avhen h(^at(Kl, turning back into oxygen. The decomposition 
of ozone is accjonqianied by evolution of heat and an increase in 
volume of one and a half times since every two ozone molecules 
turn into three molecules of oxygen; 
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203 -- 802+68Cal. 

Ozone differs from oxygen chemically in its stronger oxidizing 
j)roperties; under the action of ozone a shining silver j)late blackens 
rapidly, being covered with a layer of silver peroxide Ag2()2; metal 
sulphides are oxidized to the sulphates ; a y)icce of paper moistened 
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with turpentine will burst into flame: many dyes are discoloured. 
During th(\se reactions tlie ozone molecule loses one oxygen atom, 
turning into ordinary oxygen. 

Ozone will dis])la(;e iodine from a solution of ])otassiuni iodide: 
KI I H .0 i ()a 1-2 + :^ KOI! f (), 

If a piece of ])aper moistened with a solution of ])otassium iodide 
and starch solution is brought into coiitact with air containing ozone 
the paper immediately turns blue. This reaction is used for tlu* detec¬ 
tion of ozone. 

A ])otent oxidizing agent, ozone kills bacteria and is tlieretbie 
used to disinfect water and air. 

Ozone is constantly forming in small quantities iji the atmosphere 
as a result of (‘le(;ti-ical discharges. Ozone may form also duriug 
various oxidation ])i-ocesses. for instance, during the oxidation ol' 
moist phosphorus, turpentine, resinous substances, etc. The latter 
accounts for tlie ])resence of ozone in tlu^ air of coniferous forests; 
this air is especially bencti(aal, siiu'c it contains no bacteria. 

117. Oxides and Hydroxides. Compounds of oxygen with other 
(elements are called oxides. 

Very many oxides (SO^, ^Igth etc.) are obtained by direct 

union of the elements with oxygen. 

The combustion of compk^x substances also usually k^ads to the 
formation of oxides of the elements (constituting the substamcc's 
burnt. For instance, the combustion of methane CH4 results in the 
oxides of carbon and hydrogen: 

! ^Oo-COo : '2H.fi 

Oxi(l(\s may foi-m also in other nwctions involving substances 
Avhich contain oxygcm. Thus, wlien sulphuric acid is lucated with 
charcoal, sulphur dioxide, caibon dioxide and wat(‘r are formed. 

:> H^SOj I C - 2 SOo 1 f 2 Hfi 

Almost all the elements form oxides in one w'ay oi’ anotfier. The 
only exc(q)tions anc the inert gases (contained in air, A\'hich do not 
(combine with any elements. 

The ])hysical pro])erti(cs of oxides are exceedingly diverse. At 
ordinary tem])eratures most oxides are solids, com]mratively lew, 
gases and some, liquids. Thcc specific gravities, melting points and 
boiling points of oxides also vary over a very wide range. 

Of the chemical ])ro])erties of oxides attention must be drawn 
Hrst of all to their attitude toAvards water. The majority of oxides 
(Hnnbine directly or indirectl}^ Avith Avater, forming compounds 
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known by the generic name of hydroxides or hydrated oxides. When 
heated, almost all the hydroxides decom])ose into the oxide and 
water. Hydrated oxides belong to various classes of inorganic com- 
])ounds; some of them are acidic in nature and belong to the acid 
class, others are bases and still others are am})h()teric. 

The classification, of oxides is based on their attitude tow^ards 
water and on the differences in the pr()))erties of the hydroxides 
they form. Thej' can all be dividend into tlie following five groiij)s: 

1. Acid oxides. Acid oxides are those whose hydrateis are acids. 
This group includes the oxides of non-metals and some of the highest 
oxides of metals (such as CrO.^. MiioO,, etc.). Many acid oxides (*om- 
binc directly with water to fonn acids. For instance, the rea(;tion 
between the oxide of hexavalent sulphur and water results in the 
hydrated oxidc', known as sul])huric acid; the oxide Nj,()r, combined 
witli Avater gives nitric acid HNO3, etc. Hydrates of acid oxides 
which do not combine directly wdth water can be obtained indirectly. 

The chief disfmgulshing feature of acid oxides is their capacity for 
interacting with alkalis to form salts. For example: 

( V. r 2 NaOH - NagCO., + H^O 

Acads, as a rule, do not act on acid oxides, and in the few cases 
wluTC such a reaction takes j)lace, it does not lead to the formation 
of a salt (cf. reaction between HF and SiOg, p. .‘105). 

2. Basic oxides. This group includes oxides Avhose hydrates are bases. 

Only the oxides of the most active metals, namely j)otassium. 

sodium, calcium and several others, can combine directly with w^ater 
to form soluble bases, known as alkalis. The majority of basic oxides, 
on tlie other hand, do not react with water. Itie hydroxides (bases) 
corresponding to these oxides are insoluble in Avater and arc ])rej)ared 
by the action of alkalis on the salts of the corresponding metals. Foi* 
example: 

(^uSO^ i NaOH - | (ti(OH),+ Na,S()4 
or 

Cir- i 2 0H' -:Cu(0H)3 

Basic oxides ai*e formed by metals. 

All basic oxides react with acids to form salts. For exampk': 

MgO t H 2804- MgS04 4 H^O 
or 

MgO 4-2 H* Mg• • + HoO 

Jhasic oxid(^s do not react with alkalis. 

3. Amphoteric o.vides. Amphoteric oxides are those possessing 
the properties of both acid and basic oxides. ThcA^ l)ehave like basic 
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oxides with respect to acids, dissolving in theni to form salts; at 
the same time, they dissolve also in alkalis, again forming salts. 
An example of an amphoteric oxide is zinc oxide. With acids it gives 
salts of these acids: 

ZnO I 2 HOIZnClg 1-HgO 

The reaction between zinc oxide and alkalis is usually represented 
by the equation: 

ZnO+ 2 NaOH - NagZnO, f H/) 

How'cvf*!-. the salt ])roduced by this reaction, called sodium zincate. 
actually has a somewhat different structure (see § 223). 

The hydroxides of amphoteric oxides are also of a dual nature*, 
possessing th(*- properties of acids and bases (see § 04). 

1'he most im])ortant pro])ertv of the three groups of oxides dis¬ 
cussed above is their ability to form salts: acid oxides form salts 
with alkalis; basic, with acids; amphoteric, with either of them. 
Ther(‘fore, all oxides belonging to the first three grouj)s are united 
under general name of sall-loriiiiag oxides. 

4. Indifjerent oxides. Besides salt-forming oxides, there is another 
small group of oxides which form hydroxides neither directly 
nor indirectly and do not react with acids or alkalis. Such oxides 
arc termed indifferent. An examj)le of such an oxide is nitric 
oxide NO. 

o. Peroxides. The so-called peroxides form a separate group of 
oxides. While the oxj^gen in ordinary oxides is chemically linked 
directly to the other elements, in peroxides the oxygen atoms are 
tied not only to the atoms of other elements but betw^een themselves 
as well. Peroxides may be regarded as belonging to the oxide class 
only formally; essentially, they are salts of a very w^eak acid, namely, 
hydrogen peroxide. 

118. Hydrogen Peroxide HgOg. Pure hydrogen peroxide is an 
almost colourless syrup-like liquid with a specific gravity of 1.46, 
solidifying at - into needle-like crystals. It is a very unstable 

substance capable of decomposing eruptivcly into water and oxygen 
Avith the evolution of a great amount of heat: 

2 H2O2- 2 H20-f- O2 I- 46 Cal. 

Aqueous solutions of hydrogen peroxide arc more stable and 
can be kept for quite a long time in a cool jjlacc. Heat and light 
greatly accelerate their decoinj)osition: bubbles of oxygen begin 
to separate out of the solution and at length only pure w'ater remains. 

The decomposition of hydrogen peroxide is accelerated also by 
various catalysts. If, for instance, a little manganese dioxide Mn02 



is added to a test tube eoiitaining hydrogen [)ei‘oxide solution, a 
violent reaction ensues with oxygen csea])ing. At the same time 
there are a few siibstajiet^s ^\'hieh can I’etai’d the decom])osition of 
liydrogen peroxide. Such are. for instance', certain salts of ])hosphoiic 
acid. 

Hydrogen ])ero\ide is formed as an intc'i’mediate product, during 
the combiistioJi of hydrogen, but owing to tlu' high tem|)e]-ature 
of the hydrogen flame it decomposes immediately into water and 
oxygen. However, if a hydrogen llame is allowed to play on a pu'cje 
of ice. traces of hydrogen peroxide can be d(‘teeted in the Avatea- 
foiined. 

Hydrogen jn'roxide can b(' ])repared also by the action of mon¬ 
atomic hydrogen on oidinary (molecular) oxygen. 

During the formation of hydrogen peroxide from monatomic 
hydrogen and oxyg('n, tlu' hydrogen at(»nis form covalent bonds 
Avith the oxygcai atoms (*onstituting the oxygen molecules, wheri*- 
u])o)i the double* bond b(‘tween the oxygen atoms turns iiito a single 
bond, as can be s(‘en from the following scheme: 

A): :(): ! 2 H H:():():H 

'.rherelbre, the ordinary structural formula of hydrogen peroxide', 
in whie^h the bonds are designated by line's, is rej>resente^el as fe)llows: 

H--()- .() -H 

He)wever, this formula gives no ieh'a of the spacial structure e)f 
the Ho() 2 Juolecules. in which the bemds betAveen the hyelre)gen and 
the oxygen atoms are at an angle ed* about KXf to the be>nel lu't ween 
the oxyge'ii atoms, as a result e)f Avhich hyelre)gen ])eroxide me)lecules 
])osse?ss cemsiderable pe>larity. 

In H.2()2 mede'cule's the e>xygen atoms are linkeul te) one anedher 
by a Jie)n-])olar covalent l)one], Avhile the t)e)neis betwee>n the hyelrogeui 
and oxygen atoms are ])e)lar (e)Aving to elisjdacement e)f the common 
electre)ns towarels the oxygeai). Therefore', in aepieHuis se)lution hydre) 
gen ])eroxide may sj)lit e)ff hydrogen-ion under the intluence of the 
])olar Avater mok'cules. 

Hydrogen ])eroxide (mi be jirt'pared by a numbei* of methods. 
For a long time the chief method was by the action of dilute sul- 
jdiuric a(*id on barium ])eroxide BaOj, or sodium pc'roxide Na202’ 

BaO^ f HgSO^- BaSO^ f 

At present, owing to the development of methods of [in^paring Jiydro- 
g(m ])eroxide by ('k'ctrochemicuxl means, this method has lost its 
significance. 
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'J'he elect roclieniieal methods of preparation of HoOjj niake it 
possible to obtain i)ure and highly concentrated (85 to ho per cent) 
solutions of hydrogen ])croxide of higli stability. 

Hydrogen p('roxi(k^ possesses the j)roperties of a very \veak dibasic 
acid (/v " 1.5 X It) it hmizes, albeit insigniticantly. in aqueous 
solution: 

H,(), K* I H()2' 

HO,/ H - i 0/ 

Hydrogen j)eroxide can enter into an exchange reaction with 
some bases to form salts. For instance, when hydrogen ])eroxide 
reacts with barium hydroxide sohitioji. a ]>recij>itat(^ of the barium 
salt of hydrogen peroxide results: 

Ha(OH). l 'H,>0.> -IBaOo j i> HoO 

'i'he salts of hydiogen p(uoxide are called peroxides. Like other 
salts, they consist of |K)sitively and negatively charged ions, the 
negatively charged ions in this case bcMiig O 2 ions of a structure 
(expressed by the formula 

:(): :6: j" " 

Under the axjtion of acids ]>eroxides again form hydrogen ])eroxide 
and salts of the corresponding acid, ilius, the above reaction of 
formation of hydrogen i)eroxide from BaO^ is that of the displace¬ 
ment of a weak acid from its salt by a strong acid. 

The most characteristic chemical property of hydrogen peroxide 
is its highly pronounced oxidizing capacity, owing to which hydrogen 
peroxide can oxidize very many substances. By way of example, 
consider the oxidation of potassium iodide, leading to the liberation 
of iodine: 

2KI I I 2 [ i^KOH 

or in the ionic form 

2 1/ + H./)2-To { 2 OH' 

Since H 2 O 2 molecules are capable of splitting off Og * ions in aqueous 
solution, the above reaction may be regarded as oxidation of iodine- 
ion 1' by Og^-ion: 

! 21/ — 2e - Ig 

I 02'' + 2c -20— 

Yielding two electrons to Og"^ ions, the iodide ions turn into neutral 
iodine atoms which combine subsequently into Ig molecules, while 
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each accepts two electrons and becomes two 0 ions, wdiich 

unite with hydrogen ions to form two hydroxyl ions. Thus, 02"-ion 
is the oxidant and I'-ion the rednctant. Much less often, only during 
reactions wdth very strong oxidants, hydrogen peroxide may manifest 
reducing pr()])eTties. For instance, the reaction between hydrogen 
])eroxide and clilorine takes ])lace as follows: 


H 2 O.- 2 HCl ! (>2 

111 this case Go'-ion is the reducing agent. Losing two electrons 
to the chlorine atoms, it is convertc^d into electrically neutral Go 
molecules. 

The rather wide jiracticai application of hydrogen peroxide is 
based on its oxidizing ]u*operties. Acting as an oxidant on various 
dyes, it is an excellent means of bleaching fabrics, straw'^ and other 
materials: though decomposing the dyes, hydrogen peroxide hardly 
acts at all on th(> material being bleached. 

Hydrogen jieroxide is used also to reft(\sh old pictures painted 
with oil colours and darkened with ago due to transformation of 
the w hite lead into black lead sulphide under the action of trac(\s 
of hydrogen sul])hide (iontained in the air. 

When the pictur(\s are washed with hydrogen peroxide the bhuik 
lead sulphide is oxidized into white lead sulphate: 

PbS ! 4 H.G.- PbSG4-t 4 H 2 O 

ir i VI 

1 : S - S (' - - S 

4 Gg'i- 2 c 2 G 

Highly concditrated (85 to 90 ])er cent) hydrogen ])eroxide is 
used in mixture with certain combustible materials to pi'oduce 
explosives. A dilute (usually 3 [ler cent) solution of hydrogen ])eroxide 
is used in medicine as a disinfectant for washing wa:)unds, as a gargle, 
etc. 


SULPHUR (Sulfur); ak w t. 32.06(J 

119. Sulphur in Nature. Preparation of Sulphur. Sulphur occurs 
in nature both in the free state, as “native’' sulphur, and in the 
form of various (X)mpounds. 

Deposits of native sulphur have been found in the Soviet Union 
in the Kara-Kum Desert of Turkmenia. Sulphur dej)osits occur 
also ill the Uzbek S.S.R., in the (Caucasus, on the Kerch Peninsula 
and at several points on the Volga. The largest sulphur deposits 
in other countries are those of the U.S.A., Italy and Japan. 
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('or!ii)()nn(]s of sulphur with various metals are very abundant. 
Many of them are valuable ores, used for the extraction of nori- 
feiToiis metals (for example, lead glance PbS, zinc blende ZnS, co])per 
glance CiiaS, etc.). 

Certain salts of sulf)huric acid are also widely dis])ersed. Thus 
the calcium salt, CaS() 4 , found in nature as the minerals gy])sum 
and anhydrite, which in some places form Avhole mountaijis. The? 
magnesium salt, MgSOj. is contained in s(^a water and togetlKu* 
with MgClo accounts for its characteristic bitt(n*ish taste. Finally, 
sul])hur goes to make up many of the su])stances hnind in plants 
and animals. 

The total sul])hur content in the earth’s crust is around b.lO ])er 
cent. 

Nati^'e sulphur usually has a higher oi* lower content of foreign 
substances. To separate sulphur from its impuriti(»s, use is made 
of its ability to fuse readily. Sulphur is melted out of its ores l)y 
various methods. The choice of the method to be us(h1 in eac^h case 
(l(>|)(Mvds larg(^ly on the suljdiur content in the oie. as well as on the 
composition and ])roperties of the gangue. 

The oldest rm'thod of im^lting out sulpliur is heating it to its melting 
point at the ex])ense of the heat evolved due to combustion of the 



sulj)hur itself or of some other fuel. This method is used to a certain 
extent in countries possessing large reserves of sulphur ores, for 
instance, in Italy. 

Figure 82 is a diagram of one of the simj)lcst (single-cell) sulphur 
kilns. It is a roofless chamber built of stone with its floor sloping 
down toward the front wall. At the bottom of the front wall is an 
outlet for the molten sulphur, plugged up with a thin partition of 
plaster of Paris. The kiln is charged with ore by hand, leaving air 
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cliaiiiielvS between the lumps of ore in all direetions. The kiln is filled 
with ore. forming a cone at the to]), which is (U)vered with a layer 
of bmnt-out ore from the ])revious batch and coated with f)laster 
of Paris or clay. The kiln is lired with bundles of straw, brushwood, 
etc. 

W'hen th(‘ sulphur starts burning, beginning from the up])or layers 
of the oie, jiart of the sulphur melts and sec'ps doAvn through tin* 
mass of oie to the bottom layers, and j)art of it sublimates. In th(‘ 
course of a melt the combustion /one kee])s gradually dt\s(Huiding. 
One melt takes b to 8 days to conijiletc'. after which th(^ ])artit.ion 
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closing the sulphur outlet is })ierced and the molten sulphur flows 
out of the kiln. 

Four- and six-cell kilns, liased on the same pjinciple as the single¬ 
cell, are better than the latter, as they utilize the heat prodiued 
by the burning suljihur more fully. 

Another method of melting siiJj)hur, employed mainly in tlu* 
U.S.S.R., consists in heating the concentrated ore in autoclaves 
with su])erheated steam. The autoclaves used for this purpose 
(Fig. 83) are steel (jylinders calculatiHl to rt^sist a pressure of up 
to six atm. Three to four tons ofgroinid ore mixed w ith a small quantity 
of watei- are loaded into the autoclave through upper hatch 7; then 
superheated steam is ])assed into it, heating the ore to 140° or ITilFC. 

Each melt takes about three hours. The molten sulphur is then 
forced out under pressure through outlet 2 at the bottom, laundered 
to box trucks, and thence into moulds; the steam is let out through 





H>, sriJMIUJi JN NATl Hi:. I’Kl:l*AKATlO^^ OF .SOLFIJLi^ 


a hatch at the toj) and the residual gaiigue is di,schai’g(>d tlirougli 
liateh 3 in tlie bottom. 

Of great interest is th(» Fraseh ])roe('.ss. widely used for sulj)hnr 
mining in the U.S.A. 

By this process the snlpluir is melted und(*rground. right in the 
d(‘posit, by means of su})erlieated water, delivered inuh^r a pressure 
of 10 to IS atm. through a sysbnn of three cojiccrntrie ])jj)es (see 
Fig. S4). Water at a teni])erature of about is ]>umped into 
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the space between the outer and middle ])i])es. while hot com|)ressed 
air is forced down through the inner pipe, to raise the molten sulphur 
to the surface. Excess watcir is removed through wells located some 
distance away from the sulphur wells. 

Sulphur melted out of ores usually contains many im])urities 
and is called hrimMorir. It is reiined by distillation. 

Fig. 85 shows a diagram of an arrangement for distilling sulphur, 
l^he sulphur is melted in an iron boiler 1 by hot gases coming out ol 
stoker 2; the heavy admixtures deposit at the bottom of the boiler, 
while the molten sulphur drains into a cast-iron retort 3 where it 
is heated to boiling. The sulphur vapour i)asses into a large masonry 
chamber 4. At first, while the chamber is still cold, the sulphur vapours 
condense directly into the solid state and deposit on the chamber 
walls in the form of a light-yellow powder termed flowers of sulphur. 
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After the tein])eratui*e of the chamber has risen above 120° (?, the 
sril|)hnr begins to condense into a liquid wliich is drawn off through 
opening 5 into wooden moulds wliere it solidifies into rods. Sulphur 
oi)tained in this way is known as Imnp or rod sulphur. 

Considei-able tjuantities of sulphur are obtained also by reducing 
sulphur dioxide with coal when smelting copper from sulphide 
ores. 

The world ])roduction of siil|)hur (without the I'.S.S.Ii.) is at 
]>resent about 4 million tons per year. 

120. Tropcrties ami I scs of Sulphur. Sulphur is one of the elermuits 
capable of existing in the free state in several allotro])ic modifica¬ 
tions. 

Pure native sulphur is a solid yellow crystalline substance, having 
a specific gravity of 2.07 and a melting ])oiMt of 112.8° ('. it is insoluble 
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in water but dissolvers readily in carbon disul])hide, benzene and 
.some other liquids. If such solutions are evaporated, sulphur is 
de])osited as trans])arent \'ellow crystals of the orthorhombic system 
having the form of octahedra usually with bevelled corners or edges 
(Fig. 86). This sulphur is called rhombic. The rod sulphur usually 
found on the inarkc^t consists of the same crystals but they are very 
minute and poorly formed. 

An entirely different crystal form is obtained when melted sulphur 
is cooled slowly in a vessel until partly solidified and then the portion 
still in the liquid form is poured off. The sides of the vessel will then 
be found to be covered on the inside with a mass of long, dark-yellow, 
needle-like crystals of the monoclinic system (Fig. 87). This mono- 
clinic sulphur has a specific gravity of 1.96 and melts at 119° C. 
However, it will remain unaltered only at temperatures above 96° C. 
At ordinary temperatures crystals of monoclinic sulphur soon become 
lighter in colour and acquire all the properties of rhombic sulphur. 
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Though externally these crystals continue to retain their prismatic 
form they now consist of minute ocfcahedric cr^^stals into which they 
fall a})art if shaken. Their melting point and specific gravity become 
(‘qual to those characteristic of rhombic sulphur. 

Su]i)hur undergoes sonui very interesting changes if luiated slowly 
to the boiling point. At 112 . 8 ” C it melts, turning into a yellow mobile 
liquid. Uy)on further heating tlie licpiid darkens, acquiring a reddish- 
brown colour, and at about 250” () bec^omes so thick that for some 
time the vessel (^an be inverted witlioiit the sulplim* pouring out. 
Above 300” (v the liquid sulphur again becomes mobile but its colour 
remains dark. At length, at 444.6” C sulphur begins to boil giving 
off an orange-yellow vapour. When cooled, the same ])henomena 
are repeated in the reverse order. 

If molten sul])hur heated to boiling is poured in a thin stream 
into cold water it turns into a soft rubbery brown mass which cun 
1)C drawn out into threads (Fig. 88 ). I'his modification is called 
^sulphur. Plastic sulphur becomes brittle after a few houis, 
accpiires a yellow colour and turns gradually into rhombic sulj)hur. 

l^esides the three modifications of sulphur des(U‘ibed above, some 
others are known, wdiich w'c, how^ever, shall not discuss. They are 
all unstable and change quite rapidly into rhombic sulphur. That 
is wdiy sidphur occurs in nature only in the rhombic form. 

Deterjuinations of the molecular wxught of suly)hur by the low'ering 
of the freezing point of its benzene solutions lead to the conclusion 
that in these solutions the sulphur molecules consist of eight atoms 
(‘ac*h (Sf^). Sulphur crystals are evidently made up of similar inole- 
cul<\s. 'Thus, the difference in ])ropertics of the crystalline modifica¬ 
tions of sidphur is due to dissimilar structure of the crystals (poly- 
inor])hism) and not to tlieir molecules containing different numbers 
of atoms (as in oxygen and ozone molecules). 

At low' tein})eratures sulphur vapours consist mainly of mole¬ 
cules and above 800° C, of So molecules. 

Molten sulphur probably consists of S„ and Sg molecules in equili¬ 
brium with each other. The higher the temperature, the more Sg 
molecules are formed. This accounts for the changes in properties 
of molten sulj^hur when heated. If sidphur, heated almost to the 
boiling point, is cooled rapidly, the Sg molecules do not have time 
to change into Sj, molecules and plastic sulphur results, gradually 
passing into crystalline sulphur. 

In chemical properties sulphur is a tyi)ical non-metal. It w-ill 
combine directly with many metals, such as copper, iron, zinc, etc., 
evolving considerable quantities of heat. Sulphur combines also 
with almost all the non-metals but far less readily and vigorously 
than wdth metals. With oxygen sulphur gives several oxides, the 
two most important being SOg and SO 3 , the anhydrides of sulphurous 
and sulphuric acids, HgSO^ and H 2 SO 4 , respectively. The compound 
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betvvocMi sn]])hiir and ]iy(lrog(*ii—hydrogeji snl|)liid(' gas, HgS also 
])()ss(\ssc‘s acidic pro])crtios in aqnt'ons solution. 

Snl})linr is w idely used in the national ecoiioinv. Flowers of sulphur 
is employed in great cpiantities to destroy certain orcliard |)ests. 

8 ulj)hur is used in the rubber industry to toughen and harden 
rubber; rubber acquires its valuable ])roperties, namely resilience, 
elasticity, etc., ojily after being mixed with sulphur and luxated 
to a definite temperature. This ])rocess is known as vuleaiuzalion. 

Ilubber containing a large quantity of sulphur is called ebonite. 
It is a solid and a very good eb'ctrical insulator. Then sulfihur is 
used to prepare black giiujiowder. matches. Bengal lights, ultra- 
mariiK* (a blue dye), carbon disul])hide and many other ])roducts. 
In countries with larg(' resources of sulphur it is also employed as 
a raw matc^rial for the production of sulplmric acid. Sulphur is used 
it) medicine for treating certain skin diseases. 

121. Hydrogen Sulphide HoS. At a high temperature sulphur com¬ 
bines directly with hydrogen, forming hydrogen sulphide g^is. 

Ill practice hydrogen sulphide is usually f)re|:)ared by the action 
of dilute acids on tin* metal sulphides, e.g., on iron sulpliide: 

FeS . 2H(n-Fe(l2 -h H28 

Hydrogen sulphide is a colourless gas with a characteristic; odour 
resembling that of rotten eggs. It is a little heavier than air, liquefies 
at —60.7'’C and solidifies at —So.f^ (•. In the air hydrogen sulphide 
burns with a bluish flame to form sul])hur dioxide and watei*, i.e.. 
the oxides of the elements constituting it: 


2H,.S+ (>2- 2 2 SO 2 

ri Liv 

2 S — () e~ — »S 

11 

O2 i 4 c- - - 2 () 

If a cold object of sojne kind, say, a porcelain disli, is introduced 
into a hydrogen sul])hide flame, the tem])erature of the flame decreases 
(;onsiderably and the hydrogen sulphide is oxidized only to free 
sulphur which forms a yellow dejiosit on the dish: 

2 H 2 S f O 2 - 2 HaO + 2 8 

Hydrogen sulphide is very inflammable; mixed with air, it is 
exfilosivc. Hydrogen sulphide is very poisonous. Prolonged inhalation 
of air containing the gas even in small quantities causes serious 
poisoning. 
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HydrogcTi sulphide is soluble in water. .4t C one Aoluine ot* 
water will dissolve two and a half volumes of hydrogen sulphide. 
A solution of hydrogen sulfihidc in water is called ////r/w/riy mlpldde 
trafer. If l(‘ft standing in the air, especially in th(' light, hydrogen 
siilpJiide water soon becomes turbid due to the pieci/)itation of sulpliur. 
This takes place as a lesult of oxidation of the hydrogen siiljihide 
by the oxygen of thc^ air (see ])r(wious rea(‘tion). A solution of Jiydrogen 
.sul|)hide in watc'r tui-ns blue litmus rc^d and in general poss(*ss(\s 
acidic prof)(>rti(‘S. Tins acid, often (‘allc^d liydrosulphuric acad, is 
dibasic, as both hydrogen atoms in the lUS molc^cule can be dis~ 
])laeed by metallic atoms to form sulphide salts. For instance, if 
iiydrogeii sulphide is ])assed through a solution of sodium hydroxide, 
the lesult is sodium snl])hi(U\ a soluble salt of hy(lrosul])huric acid: 

2 XaOli f HoS- Xa.S ; li ILt) 

If liydrogen sul])hide is ])r(.‘sent in excM\ss, for instanc^c^. if it is passed 
through the solution to saturation, the acid salt —hffdnxjm 
'<nJpMdv —results; 

XaOH t H.S : NaHS ; 11,0 

Hydrosul])hui‘ic acid is a very wc'ak acid. Its degree of ionization 
ill 0.1 N. solution is only 0.07 pen* cent. It ionizes mainly according 
to th(‘ (‘((nation 

11,8 - H - 1 US' 

but at the sam(‘ time a ven-y small amount of S"-ion forms as well: 

HS' 7*: H i S" 

Hydrogen sul])hide is characterized by a highly pronounced reduc;- 
ing ability. The rcHlucang ]>io]>ei*t-ies of hydrogen sulphide are due 
to the fact that S''-ion loses its ('leetrons readily to form neutral 
sulphur atoms. The hydrogen sulphide whicli is continually forming 
in nature duc^ to the decay of organic substances, does not acnaimulate 
irj the air in any perceptible amounts, as the oxygcni of the air soon 
oxidizes it to free sul[)hur. 

Hydrogen sul|)hide is oxidized even more ri^adily bv the halogens, 
reducing them to hydrohalic acids. For instaiu?e: 


11,8+ Hr, - 2HBr i 8 

In geneial, all oxidants, including even comparatively* weak ones, 
oxidize hydrogen sul])hide rapidly to form sul])hur; thus hi/drogm 
mlphide is one oj the most active, reducing agents. 



Chai)i<T .\V. THK OXYCJKN (iHOlM* 


Hydrogen sulphide occurs in nature in volcanic gases and in the 
waters of mineral springs; for instance, in the U.S.S.U. it is found 
in the Caucasus (Pyatigorsk and Matsesta), at Staraya Russa and 
in other |)]aces. Besides, it forms continually due to the decay of 
the proteins in animal carcases and dead ])lants, as well as the rotting 
of all kinds of wastes; for this reason cesspools, drainage waters, 
garbage piles, etc., often spread the odour of hydrogen sulphide. 
Especially large quantities of hydrogen sulphide are formed during 
the rotting of egg albumen, Avhich accounts for the characteristic 
odour of rotten t^ggs. 

122. Metal Sulphides. The salts of hydrosulphuric acid are called 
sulphides. Tlu\y (.‘an be obtahu^d by the direct union of metals with 
sulphur. For instance, if heat is applied to one point of a mixture 
of iron lilings and sulphur, the reaction of (iombination thus initiated 
betwe^en the iron and the sulphur will ju’ogress of its own accord, 
accomjjanied by the evolution of a large amount of heat and the 
formation of iron suljdiide: 

Fe -i-S- FeS + 22 . 8 (kl. 

Many sulf)hides can be obtaiiuxl by the aedion of hydrogen sul]>hide 
on a(pi(*ous solutions of the salts of the coriesponciing metals. For 
instaru;e. if hydrogen sulphide is passed through a solution of any 
co|)t)er salt, a black i)reci])italc of cupric sulphide immediately api)cars: 

CuSO^-y H 28 - j Cu 8 f H\>S ()4 
or in the ionic form 

Cii • i H 28 - |CuS 1 2H- 

The x)recipitate is insoluble not only in water but in dilute acids 
as well. If the ])recipitate were soluble in dilute acids it would not 
form at all, as can be seen from the equation, since the reaction 
leads to the formation of hydrogen-ion. The attitude of silver, lead, 
mercury and some other met al salts to the action of hydrogen sul])hide 
is similar to that of eop])er salts. 

But if hydrogen suli)hide wate^r is added to a solution of an iron 
salt, no ])recipitat(‘ will appear. Iron sulphide dissolves in dilute 
acids liberating hydrogen, suljdiide, and as hydrogen-ion is formed 
together Avith tlie iron sul|)hide during the rcactiojis, the formei* 
reacts with FeS to i’orm hydrogen sulphide and ferrous-ion again. 
Thus, the reaction between hydrogen sulphide and iron salts is 
I'cversible and leads to a state of equilibrium: 


Fe - ! HgS^. FeS +2 H ‘ 
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M^hich is shifted practically comiiletely towards the formation of 
hydrogen sulphide and ferrous-ion. 

To make the reaction go from left to right, the hydrogen-ion 
formed must be continuously removed. This can })e achieved by 
adding an alkali to the solution. The hydroxyl-ion will then bind 
the hydrogen-ion and the reaction will go to completion towards 
the right. 

An (n^en simpler method is to treat the ferric salt with a soluble 
sulphide instead of hydrogen sulphide, say, then no hydro¬ 

gen-ion will form at all during the reaction, and the iron suljvhide 
will be thrf)wn down directly as a black |)reeipitate: 

FeS 04 -f- Na^S^ FeS-i- Xa^SO^ 
or 

Fe‘*-i-S''-=;FeS 

Manganese and zinc sulphides, Avhich are insoluble in watei- but 
soluble in dilute acids, can be obtained in a similar juanner. 

Finally, there are sulphides such as XagS, KjjS, which are soluble 
in water. They cannot, obviously, be obtained from the eorres])onding 
salts by the action of hydrogen sulphide or any other sulphides. 

'J''he difference in solubility of sulphidt‘s is utilized in analytical 
chemistry for siic(*essive precijntation of im^tals from the solutions 
of their salts. 

Being salts of a very vv^eak acid, sulpliides hydrolyze readily. 
Kor instance, sodium sulphide hydrolyzes almost com])letely when 
dissolved in water, forming the acid salt: 

Na.,S + H^O ^ NaHS + NaOH 
8 " 4 HoO ^ HS' f 

Hydrogen sul])hide can also react directly with some of the metals 
to form sul])hides. 

For ijistanee, if a silver coin is immersed in hydrogen sulphide 
\N'atei* it immediately turns black, due to the formation of sihei* 
sul])hide on its surface. The oxygen of the air partici[)ates in this 
leaction, which takess place according to the following equation: 

4 Ag ! 2 HaS f Oo- 2 Ag^S -f- 2 H./J 

For this reason silver and copjier objects very soon bec^^me coated 
vAith a dark film if left in air containing hydrogen sulphide. 


MeUtl poltjsvl/phidvs. It a solution of any sulpluHi', say, Na.>S, is .shakon witii 
sulphur, the lattor dissolves, and if the solution is then evaporated, the residue 
will be found to eojitain, besides NaoS, compounds of variable composition 
IVoin NajjSg to NiioSg. Such eompoiuids are known as ptdysulphides. 
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VVlu'ri sulphur is fusod with soda ash or ]>otMsh, tlu^ result is also a mixture 
of ])olysulphides. 'I'his ])roduet was hriown to Uu; aleheiuists as livrr of sulphur. 

I\)lysulj>hides th'eoinpose under 1h(' aelion of aeids, liheratiug hydrogen 
sulpliide and fnv' sulphur, lor iustauee: 

Na.,S 4 ; IMKM 2N'a('l + H,.8 i S 

If, on the otlu'r liand, sodium or ]>otassiuTn p(»lysulphides an' addl'd gradually 
to eonei'iitrail'd hydroehlorie aeid, hydrojxen sulpliide is imt I'volved, but. a 
\ellow oily liijuid aeeum’.ilates at the bottom of the vessel. 'I’liis liijuid eontains 
xarious /ttfdrotfcn /ndt/sulphfihs and frian it 11 0*^:1 others can be 

isolated. ilydro^i:en poly.sul])hides are unstable, and gradually deeomjiose in 
the air into h\drotien .sulphide and sul]>hiir. 

'riie struetui’e of 1 he hydrogen ])olysulphides is probably ajiali»;Xous to that 
of hydrogen peroxide. For insianee. ilie struetiire ol liydro^en trisulphide H.^S j 
may Ije represented as: 

11 :S:S:S: H 


The ordinary strueiui*al formula of this ei.unp<»und is: 

H S S S 1 r 

iSiilphides liiid wide ai)])lieuti(>!i iii the dye industry, as well as 
in the leather industiy, wlu'rc a mixture of potassium and sodium 
sulphides with lime is used to remove tlu^ liair from skins. Poly 
sulfthides are used for tin* manufaeture of certain kinds of syntlietie 
rubl)er, 

123. Sulphur Dioxide SO 2 and Sulphurous Acid lloSO;,. Sulphur 
dioxide, called also snlphnrous aidiydride or sulphurous aeid gas, 
forms directly from sulphur and oxygen during the combustion 
of sulphur in air or oxygen. It can be obtained also by calcining 
(‘'roasting”) various metallic sul])hides iii air: for iustauee, in tht' 
ease of jtvrite: 

4 FeS. : I IO 2 '2 Fe203 -^ S SO. 

This is the reaction usually emjtloyed for the ])rodnetion of sulphur 
dioxide in industry. 

Sulphur dioxide is a colourless gas with the commonly known 
jinngent odour of hurning snl])hiir. It condenses cpiite readily into 
a colourless Jicpiid with a boiling point of —1(P(). Evaporation 
of liquid snl|)hnr dioxide causes a sharp drop in tem|)erature (down 
to oifC). 

Sulphur dioxide is very soluble in water. At 2(F (’ one volume 
of water will dissolve? 40 volumes of sul])hur dioxide wdiich partly 
reacts w ith tlie water to form sulphurous aeid: 

SO 2 4 H^O ^ H^SO^ 

lluder the action of heat the equiliV)rium of this reaction shifts 
to the l(?ft ow ing to the decrease in solubility of the sulphur dioxide, 
atid tfie sulf)hur dioxide (escapes gradually from the solution. 
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Sulphur dioxide is used for bJeacjhiiig straw, wool. silk, and as 
a disinfectajit for killing the germs of many mic^roorganisms: sulphur 
dioxide is used for fumigation to destroy mould fungi in damp e('llars 
and basements, wine barrels, fermentation tanks, etc, 

Sul])hurov,s acid H^SO^j is a very unstable compound. It is known 
only in acpieous solution. Any attem])t to isolate sulphurous acid 
from water or obtain it- in the j)ure form in any other way results 
in its deeomj)(»sing into sulphur dioxide and water. For instanci*, 
when concentrated sulphuric acid acts on sodium sulpliitc, sul|)hMr 
dioxide^ is liberated instead of sulphurous acid: 

NaaSO., i H.SO, Na.SO, i SO, ^ H,() 

Solutions of su]j)hurous acid must be kcf)t in airtight vesst^ls, 
otherwise they absorb oxygen from the air and arc oxidized (juit(‘ 
raf)idly into sulphuric acid: 

2 H,S()3 i (), - 2 H,SO, 

Ueing r(‘adily oxidized, Miilp/inrov,s acid i.s* a ijood redudant. Foi* 
instance, the free halogens are reduced by it into hydrohalic acids: 

IV o vr I 

H,S()3 V\., i H,() H,S()^ * i> HCl 

or in tlu* ionic form 

SO./' t (^l2 r lUO - SO/' 2(;r 2H' 

However, sometimes sulphurous acid may play the part of an 
oxidant, for instance, when it reacts with sucli an active reducing 
ag(‘nt as hydrogen sulj)hide: 


HoSO-j : 2 H,S :5 S : :Ul,o 

In this case the positive tetravalent sulphur atoms (in the H.^SO.j 
molecules) abstract electrons from the negatively charged S"ions, 
with the result that they both turn into electrically neutral sulphur 
atoms. 

Sulphurous acid is dibasic and forms two scries of salts, neutral 
a!id acid. If sulphur dioxide is passed through a solution of an alkali, 
say, sodium hydroxide, to saturation, the acid salt results: 

NaOH H-SO, - NaHSO., 


if the alkali is present in excess the normal salt forms. 
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The normal salts of sulphurous acid are called sul'phUes, and tlu^ 
acid salts — acid or hydrogen sulphites,* 

JJke free sulf)huroiis acid, sulphites are readily oxidized by th(’. 
oxygen of the air into sulfdiak^s, salts of sul})huric acid. When heated, 
sul])hiles decompose to form sulphides and sulphates (reaction of 
self-oxidation and self-reduction): 

4 NaaSOa- Na^S 1 3 Na,S04 

IV i VI 

S - 2 c - S 

IV II 

S b e - 8 

Some of the salts of sulphurous acid are of great industrial impor¬ 
tance and ar(^ jvrc^pared in large (piantities. Sodium hydrogen sulphite 
NaHSOg is used under the name of antichtor to destroy traces of 
chlorine in bleached fabrics, as it rediu^es chlorine to hj'drogeii 
chloride: 

NaH 8 ();, f CI 2 -i- NaHS() 4 + 2 HCl 

Calcium acid sulphite (or (*alciiim bisulphite) Ca(H 803)2 is used 
for treating wood to convert it into what is known as sulphite' ])ulp, 
from which ])aper is produced. 

121. Tliiosul|diuric Acid 112820 :^. If an aqueous solution of Na 2 vS().j 
is boiled with sulphur and cooled after filtering off the excess sulphur, 
colourless crystals of a new suInstance sejiarate from the solution, 
'.rhis substance is the sodium salt of fhiosulpkuric acid HgSgO;, and 
has the formula Na 282 () 3 ' 5 H 2 O. Thiosulphuric acid may be regarded 
as sul])liiun‘ acid in which one oxygen atom has been substituted 
by a sul])luir atom. 

SuljstaiKCs obtained fn)m ordinary acids by substituting sulphur 
for all oi* ])art of the oxygen in them are classed as tbioacids and 
the corresponding salts are called thiosalis. That is why H 2820 ;i 
is now known as “thiosulphuric acid’’ instead of ‘diyposul])hurous 
acid” as it was called formerly. 

Tluosulj)huric acid has not been obtained in the free state, but 
many of its salts are known, these salts being called thiosulphates. 
The most widely us(‘d of them is scxlimn thiosulphate Na 2820 ;,- 5 HgO. 
more commonly known under the incorrect name of '‘hyposulphite” 
or just “hypo." 

In industry sodium thiosulphate is usually ])repared by oxidizing 
polysul])hides with atmos])heric oxygen. For instance: 

2 NagSg f ‘IO 2 - 2 NagSgOa 

* iiccordiri^ to the old iionjeiiclature. 
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If an acid, say, hydrocliloric, is added to a solution of sodium 
tJiiosuIphate. the odour of sulphur dioxide appears, and after 
some time the liquid beconuis turbid, due to the liberation of 
sulphur. 

Apparently, the first step (jonsists in the formation of tliiosul])luirie 
acid: 

NaaSgOa f HOI f Nad 

which, however, very soon decomposes according to the equation 
H 2 S./),-H 2 () !-S0, i S 

The entire reaction may Ix^ represented in the ionic Ibrin by tlx* 
following equation: 

\ H * S(), f S f H/) 

A study of the properties of sodium thiosiilpliate shows tliat its 
sulphur atoms have different valencies: one of them should be re¬ 
garded as liaving a vakmcy of +0 w-hilc the \ alency of the other is 
Therefore, the structural formula of sodium thiosulphate is as follows: 

Na — 

- jr ; 8 v 

Na — O 

Hence, tlie formation of sodium thiosul|)hate by boiling a NajjSO;^ 
solution with sul])hur takes place according to the equation: 

Na,S(),+ S - Na,S, 0 , 
or 

SO/ 1 - 8 - 8203 " 

which is an oxidation-reduction reaction. The oxidant is free sulphur 
and the reductant SO./'-ion. In oxidizing the 8 atoms of the latter 
from a valency of d 4 to | (>, the electrically neutral sulphur atoms 
are themselves reduced, their valency falling from 0 to 2 . 

! 0 Tr 

I S-|- 2 r .-8 

I -J-IV -i VI 

I S-- 2 C--S 

—II 

The ])resence of bivalent sulphur S in the sodium thiosulphate 
inoiecule accounts for the reducing properties of the latter. (Chlorine, 
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for instance, is reduced bv sodium thiosul])]uite to hydrogen chloi id(* 
iHcording to the equation: 

rU-f Na.S.()., ; \i.p 2 H(1 f S+ Na.S(), 

= : 2r - 2(1 

I i i) 

S 2r S 

It' chloi‘in(‘ is present in excess, the sul|)luir liluM-ated al first ina\ 
he oxidized to s\dphuric acid: 

S i I 4 H J) H^SOj 4 h H(1 

'The use of sodium tliiosulphate in the earlier tvi)es of gas masks 
for the al)sor])tion of dilorine Avas based on this read ion. 

Sodium tliiosulphate is used in large cpiantities in ])hotography foi* 
fixing developed ])lates and [laper. as it dissolv(‘s silv(‘r chloride and 
bromide. 



125. Siil|)luir Trioxide S(b,. Suljihur dioxide unites with oxygen to 
I’oi ni sul])hur trioxide, lender ordinary conditions the direct cornbina 
fion of sulphur dioxide Avith oxygen takes place very slowly. Tlu‘ 
leaction goes on much Tiiore rapidl\' ajid readily at a high temperatur(‘ 
and in the presence of (fortain catalysts, such as finely divided filatinnm, 
oxides of vanadium, iron, chromium and others. 

Small (juantiti(‘s of suljihur trioxide (;an be jirejiared in the labo 
ratory Avith the arrangement shown in Fig. Sh. Oxygen and suljiliui 
dioxide are dried by being pressed thr^mgh a three-necked jaj‘ / 
eontaining ('oncentrated sulphuric acid. From here the gas mixture 
(‘liters tube 2 eontaining platinized asbestos (asbestos coated Avith 
v(‘ry finely divided jdatiniim) and heated by a gas burnei’. The ()xyg(‘i) 
combines Avith the sul])hur dioxide: 

2SO., i O., 7"- 2 SO, 
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'riu> siil|)hin’ trioxido gas formed ]wisses togetlier M'ith the (?xe<‘ss 
gases into flask *} cooled with ie,e. Part of the sulphur trioxide 
condenses here, and tlie rest ])ass(‘s into jar /. where it eoinhines with 
water to form sulphuric acid. 

Pure sul])hur trioxide is a colourless, very mobile litpiid with a 
sp(‘cific gi-avitv of 1 . 02 , boiling at 44 .S-^(^ and freezing at Ib.S (‘ into 
a trans|)arent crystalline mass. P]K)n standing. es|)ecially in the 
]n*esence of traces of moisture, the Ifatter changes into long silky 
crystals which sublimate at oU (' witliout melting. This second 
modification of sulphur trioxide has a molecular weight corresjiondiiig 
lo the formula (SO.,):,. 

Sulphur trioxide combines avidly with water evolving a large 
amount of heat and forming sulphuric acid; 

SO., 1 H.,0 H,,SO.,-.- 21 ( al. 

I2(J. Siilpliiiric Acid HgSO^. Pure suljdiuric acid is a ctdourless oily 
licpiid which freezes at i 0 .rr(’ into a solid crystalline mass. When 
heated, anhydrous sulphuric acid (the so-called ‘ inonohydrate ’) splits 
off SO 3 . This reaction continues until a solution containing hS.I] ])er 
cent Hj,SO., results, this solution boiling at 0 with no fintlier 
(‘hange in comjiosition. 

The concentrated acid on the market usually contains hti.a per C(‘nt 
H 0 SO 4 and has a specific gravity of 1.84. Due to its oily appearanc<‘ 
sulphuric acid is sometimes called oil of vitriol. This name dates back 
to the time when sulphuric acid was jirepared by calcining green vitriol. 

Sulphuric acid is ca])able of dissolving considerable (piantities of 
sulphur trioxide. Such solutions are known as oleums. From them a 
.solid com])()und of sulphuric acid and sul])huric trioxide can be isolal(‘(l. 
called piirofiuiphnric acid, H 2 ^ 207 . 

WIkmi dissolved in water, sulphuric acid liberates a large amount 
of heat (It) ("al. per mole of acid) due to the foiination of hydrat(‘s. 
The latter can be isolated in the solid form from the solution at low' 
tem])eratures. The hydrate H.,S() 4 ■ 2 H.,() melts at and 

H,S 04 4 HgO, at 2VT. 

Sul|)huric acid absorbs water vapour avidly, and is therefore oft(‘n 
used for drying gases. Its (*a]mcity for absorbing water also a(;(u)unts 
for the chari'ing of many organic substances. es])ecially carbohydi*at(‘s 
(cellulose, sugar, etc.), by concentrated suljdiuric acid. Hydrogen and 
oxygen are contained in carbohydrates in the same weight ratio as 
in water. Sulphuric acid abstracts the elements of water from tln^ 
(*ai*bohydrat€\s, leaving the caihon as charcoal. Due to the low volatility 
of sulphuric acid, it is often used to dis})lace other more volatile acids 
from their salts. 

Svlphuric acid u a rather actirr oxidant; its oxidizing properti<»s 
iuanifest themselves in reactions witli many substances. 
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Strictly sj)eaking, any acid may manifest oxidizing properties, as 
it always (contains hydrogen-ion, which is capable of abstracting 
electrons from other substances. For instance, when zinc is treated 
with hydi'ochloric acid, the h^^drogen-ion abstracts electrons from the 
iKuitral zinc atoms, changing them into positively charged ions, i.e., 
oxidizing them; 

ZiH 2H01-Zn(U2+H2 

or in the iojvie form 

2c 

Zn ! 2 H * -Zn * f H,> 

Ifeie hydrochloric acid plays the part of an oxidant. 

However, 'vhen we s])eak of the oxidizing properties of any a(;id 
we do not mean hydrogen-ion, but the atoms of the clement from 
wliich the acid usually derives its name (for instance, the sulphur 
atoms in sul])huric acid, the nitrogen atoms in nitric acid, etc.). 
The sulphur in sulphuric a(ad is in a state of maximum oxidation 

-! iv 

with a valency of f But it can be reduced to the state S (in H 2 SO 3 

0 . IT 

or SOj/'-ion), to S (in free sul])hur), oreven to S (inhydrogen sulphide). 

It should be noted that the oxidative y)roperties of hexavalent 
sulphur manifest themselves only in concentrated sul))huric acid. For 
instance, if concentrated sulphuric acid is heated with charcoal, the 
latter is oxidized to carbon dioxide, while the sul})huric acid is reduced 
to SO 2 : 

2 H2SO4 ! C-CO2 I 2 SO2+ 2 H2O 

'riiis reaction does not take ])lace in the dilute acid. 

Now let us examine the action of sulphuric acid on metals. 

In the action of dilute sulphuric acid on metals the oxidant is 
hydrogen-ion. But tliis ion can oxidize only the meitals situated above 
liydrogen in the electrochemical series, such as magnesium, zinc, iron, 
et('. As to the metals below hydrogen, such as copper, silver, mercury, 
dilute sulphuric acid does not act on them. (Concentrated sulphuric 
acid oxidizes almost all the metals ivhv/n heated, but in such cases 
h v’drogen is not evolved, as oxidation in this case is due to the unionized 
sul])huric acid molecules. 

Depending on the activity of the metal, the sulphuric acid molecules 
may be reduced to SO 2 , free sulphur or to H 2 S. Mostly sulphuric acid 
is reduced to SOg, e.g.: 

Cu+ 2 H 2 SO 4 -CUSO 4 -I SO 2 I 2 HgO 
Zn I 2 H 2 SO 4 -ZnS 04 1 SO 2 + 2 H 2 () 
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Due to the activity of zinc, the following reactions take j)lace 
siniultaneously with the latter: 

3 Zn I 4 H 2SO4 - 3 ZiuSO^ 4- S + 4 H gO 

4 Zn + 5 - 4 ZrhS04 + f 4 H,0 

Sulphuric acid is one of the most active acids. In aqueous solution 
it ionizes inainly into H* and HS(34' 

A dibasic acid, suijihuric acid forms two series of salts: normal and 
acid salts. The normal salts of sul]»huric acid are called siiljihates and 
the acid salts — acid or hydrogen sulphates. 

Most salts of sulphuric acid are (piite soluble in water. Of the salts 
of the more common metals, barium sulphate BaS04 and lead sul])hate 
rbS()4 are x)ractically insoluble. Calcium sulphate CaS04 slight¬ 

ly soluble. 

Barium sulj)hate is insolul)le not onl}^ in water, but in dilute acids 
as Avell. And as other barium salts are soluble either in water or in 
acids, the formation of a white ])recij)itatc insoluble in acids as a result 
of the action of a barium salt on any solution, is an indication of 
the prt^sence of suljihuric acid or its salts, i.e., S04''-ion, in the solution: 

Ba * i S04"-=| BaS04 

Thus, soluble barium salts are test reagents for S04"-ion. 

The following salts of sul])huric acid are widely used in ])ractice: 

1. Sodium sulphate Na2S04^ crystallizes out of aqueous solution with 
t(Mi molecules of water (Na2S04-10 H^O) and in this form is known 
as (Uauhers salt, after Clauber, a (Jerman physician and chemist who 
first prepared it by the action of sulphuric acid on common salt and 
used it as a medicine. The anhydrous salt is used for the preparation 
of soda by the sulphate method (see j). 412 ) and in the manufacture 
of glass. 

2. Magnesium sulphate MgS04 contained in sea water. CVystallizes 
out of solution in the form of the hydrate MgS04 -7 HgO. Is used as 
a laxative under the name of Epsom salts. 

3 . Calcium sulphate ('aS()4 occurs in nature in large quantities as 
the mineral gypsum CaS04 -2 HgO. When heated to 150 or 170 degrees 
(\ gy})sum loses ^ of its water of crystallization and jiasses into what 
is known as plaster of Paris (2 CaS04'H20). Mixed with water into 
a loose dough-like mass, x)laster of Paris sets quite rapidly changing 
back again into CaS04-2 H20. Owing to this property, gypsum is 
used to manufacture casting moulds and re^dicas of various objects, 
and is a binding agent for j^lastering walls and ceilings. Gypsum is 
used in surgery to make jdaster bandages for broken bones. 

4 . Vitriols. This is the common name given to the sulphates of copper, 
iron, zinc and certain other metals containing water of crystallization. 
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lUue vitriol (’iiS(),j r) H.,!) forms blue nystals contcaiiiing five 
molecules of crystallization water. Is used for copper-plating metals, 
for the ])reparation of certain mineral paints and as a raw material 
fdi* the ]>reparati()n of other co])per com]>ounds. In agriculture a dilut(» 
solution of blue vitriol is used for spraying plants and for ])ickling 
grain Ix^fore sowing to destroy the spores of harmful fungi. 

(irven vitriol FeS04 -7 HgO crystallizes in the form of light green 
crystals containing seven molecules of hydration water. Is widely ust^d 
in iiulustry for preserving wood, for the manufacture of ink and 
1 Russian blue, for freeing illuminating gas fiom hydrogen sul})hid(‘ 
and cyanide compounds, in the dye industry, in agriculture against 
])lant pests, and in ])hotogra])hv. 

o. Alvwf^. If a solution of potassium sulphate is added to 

a solution of aluminium sul])hate Al^iSOj).,, and the liquid is left 
standing, beautiful colourless crystalsse])arate out. whose conq^osition 
can be exjnessed ])v the formula K2S()4 • Al2(S()4)3 • 24 H gO oi* 
KA1(S(.)4)2'12 H2O. This compound is known as ordinary or alnmiv- 
ituH alum, and is a double salt of sulphuric acid and the metals pot as 
sium and aluminium. 

Double salts can exist only in the solid form. When alum is dissolved 
in water tlie solutioji contains K*, Ah** and SO4" ions. 

.Alums may be of various compositions. Instead of aluminium th(\v 
may contain other trivalent metals, namely iron or chromium, and 
instead of potassium they may contain sodium or ammonium. For 
instanc(\ chrome alum has the composition K 2SO4 • Cr2(S()4)2 • 24 H2D. 
.Alum is used in tanning leather and in the dye industry. 

127. Pyrosulplniric Acid If sulphur trioxide is dissolvc'd in suljduirir 

iIh' SO 3 inoIe(;ules (‘(unhiiK; with inolceules tr) forin a ii(*w acid 

callc(l p\ i-osulphuric acid : 

H2.SO4 r SOy-^ H.SyO. 

l\vrosulphuric acid scjuiratt^s t)Ut from the resultinj^ solution (oliMim) upon 
cooliji^ as colourless crystals with a meltiiijj point of 

I Vrosuli)huric acid may he rcgardc<l as an incomj)lot.c* anhydride of sulpliuri<‘ 
in'id. i.p.. as a prodia^t of the abstraction of on(‘ water moh'cule from twn 
fnolecules of sulfdiuric acid: 

0 0 0 0 


II ()_s—jOH iHjO S 0 II . H () S 0 SO H ! 11,0 

0 o 0 0 

pyrosij1])luii'ii; arid 


lndc<‘<l, liydraiioji of ]>yrosulj)huric acid results in siiljdniric aci<l: 


ll,S.,()- H.,() 2 H,S() 
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|»vn)sul])huri(i is an oxidiziii^r ag(*nt wliost' aclion is similar to that ol' 

sulphurir aci(j. Vyrosiilpliuric ac*i<l (oJouin) isofum iisc'd in inciustry. for iiistancr. 
Tor jairiryiiip: ])('tro]oinn jirodm-ts, for 1h<‘ inaniifaclnro of r-ortain dyes, ex¬ 
plosive's. etc. 

'Khe salts of pyrosiilfihurie^ acid pyrosiiipliates can l>e prepared In Ijeaiinn 
acid sulphate's. Kor instane'e': 

iVKHSO., K,.S./)- . H.O 

If he‘ale*el ahove^ (lie* mf'ltin*^ pf>ini pyrosulp]iate*s el<*eomp<>so. lihrrat im; 
sulphuric tmhydriele' and passing inie) the* sulphate's: 

K.>S,(). S().j : K.SO, 

128. MaiiufaHiiro of Sulphuric Acid. 8ul|)lniric acid is prodiici'd 
eetinniercially by two methods: the coiitact process and flic h'ael 
e*hamber process. 

The contact process for the ])rodiiction of siilphmic acid is Itase'el 
em the direct union of sul|)hur dioxide with oxygen in contact with 
a catalyst and on the reaction l)etween the resulting suljdniric trioxidc 
and water. 

'I'he sulphur dioxide foi* this process is obtained by roasting mtdal 
sulphides, chiefly ])yriteFe82. iu s])eeial burners, in the ])res(Mic(' of air: 

4 FeS., ! 11 Oo - 2 Fej,();, r 8 S( 

The ferric oxide obtained in this way (‘ pyrite cinders ') is remove<l 
from the burners and can be used for the production of iioii, while 
the mixture of sul])hur dioxide and air is ])assed through a series of 
a|>])aratuses to free it from dust and other inpjurities. (V)mf)]ete removal 
of imj)urities is one of the C()m})ulsory conditions for this ])rocess. as 
(‘ven insignificant traces of certain substances (com])ounds of arsenic, 
phosphorus^ etc.) “poison ' the catalyst. de])riving it very rapidly of 
its activity. 

A wid(‘ly used iu(’tho<l of purifiealiun for fn'cing the ^ases from dust aiid 
susp(*ndo<l particles is at pn^seiil the eleetrostatio method. TIkj pis(*s to l>c 
purifi(‘<l arc passed tlirough an electric st'parator (Fifj. 90) whicli in the simplest 
cas(' consists of a large diaint'tt'r iron tube with a tinn iron wire at its axis. 
coiuH'cted to tlu' ru'gative pole of a source of high tension eiirrent. "flH' tube 
and the j)ositive pole are earthe<i. luidc'r a diffen'nce of j)otentials as high as 
-00.000 volts, the field intensity in the vicinity of the wire is so high that the* 
air around it b('c.onies ionizcMl. The negativt'ly charged i(ms thus formed a.r<‘ 
attracted to the inner surface of the tube, and the positiv('ly charged ions 
to the wire. The ions collide with the dust particles and (harge them. Since 
only iK^gative ions move through the space outside* tlu* ionization zone, which 
takes up but an insignifit^ant part of tlie insider of the tub(\ most of the dust 
particles passing through the chartric separator an* cliarged negativ(‘ly and ari* 
at tractod to the inner surface of the tube, where th(ry deposit. Any dust partich's 
which hap])en to become' j)ositively (diargect, will de])osit on the nc'gativt* win*. 
I’ractically all tlu* dust particles an' })recij>itated in this way. 
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After the removal of impurities, the sulphur dioxide-air mixture 
])asses througli a special pre-heato where it is lieated by the gases 
discharged from the contact apparatus, and then enters the contact 
apparatus. A diagram of such an apparatus is shown in Fig. 91 . It 
is a large cylinder with four grat^e-like shelves, iuside covered with the 



tarth 


Fig. 90. J )iagr«‘iiii of ole<jtrie 
separator 




Fig. 91. Diagram of eoutaet 
apparatus 


catalyst, iiie gas enters the apparatus at the top, passes charged 
through the four layers of (contact mass, and is discharged at th(‘ 
bottom. 

On the catalyst the sulphur dioxide is oxidized iiito sulphur trioxide, 
this reaction being accompanied by the liberation of a considerable 
amount of heat: 

2 S(), f Og ^ 2 SOa I 46.8 Cal. 

iiic tem])erature in the contact apparatus is maintained at about 
450 '' C, as below' this temperature the gases combine too slowly, 
whereas above 450 ® C the back reaction is accelerated. For instance, 
at 700 ® C with the usual composition of the gas mixture obtained by 
roasting pyrite (7 per cent SOg, H per cent and 82 per cent Ng), 
only 15 per cent SO2 is converted into SO3. Raising the oxygen 
content in the mixture increases the yield of sulphur trioxide by shift¬ 
ing the equilibrium of the reaction to the right. In practice, at 450 ° (- 
and wu’th an excess of oxygen in the gas mixture the degree of conver¬ 
sion of SO2 into SO3 is as high as 95 or 97 per cent. 
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The sulphur trioxide formed is discharged from the contact apparatus 
in very finely divided form. As such, water will not absorb it, and so 
it is passed into concentrated sulphuric acid (96 to 98 per cent) which 
it saturates, turning it into oleum. Very pure sulphuric acid of anv 
desii-ed concentration can be obtained*^ by diluting the latter with 
water. 

The catalyst iJS(*d lorinerly for oxidizing sulphur dioxide was 
])]atinized asbestos. Lately it lias been replaced by vanadium pent- 
oxide, VgOs, and certain other vanadium c()m])ounds. Vanadium 
catalysts are almost as active as platinum, but aie cheaper and are 
not so easily jioisoned. wdiich makes it possible to simplify the |)urifica- 
tion of the gases considerably. 

Sulphuric acid was first jiroduccd in Russia by the contac^t method 
at the Tentelev .Plant (mnv the Krasny Khimik Plant) in Petersburg. 
The “'FenteleV system” develojied by the chemists of this plant was 
one of the most progiessive systems of its time and gained world 
fame. Contact plants using this system were built in a number of 
other countries, including Japan and the U.S.A. 

Lead-chamber method. The contact process for the })roduction of 
sulphuric acid w^as introduced comparatively recently. Prior to that, 
sulphuric acid was manufactured only by tiie lead-ciiamber method, 
w^hicli consists essentially in the oxidation of sulj)hur dioxide by 
nitrogen dioxide NO2 in the iiresence of water. 

The nitrogen dioxide is obtained from nitric acid; the reddish-brown 
gas reacts Avith sulphur dioxide according to the equation 

SO^i NO2+ W2O-H2SO4+ NO 

Yielding part of its oxygen to sulphur dioxide, nitrogen dioxide 
turns into a colourless gas, namely, nitric oxide NO. The latter is 
remarkable for its ability to combine with the oxygen of the air to 
form nitrogen dioxide again: 

2N0 4 - 0 .,- 2 N 0 ., 

wdiich is used to oxidize further portions of sul])hur dioxide. 

Thus, theoretically, no nitric oxide is used uj) in the production 
of sulphuric acid, so that it may be regarded as a catalyst, accelerating 
the oxidation of sulphur dioxide (§ 130 ). 

The lead-chamber process for the production of sulphuric acid may 
be accomplished technically in chambers or towers. Since chambers 
are now’^ practically obsolete, w^e shall confine ourselves to a description 
of the process as carried out in towers. 

Fig. 92 is a diagram of a tower installation. The hot gases froni the 
pjTite burners, containing sulphur dioxide, are freed from dust, and 
then passed through the Glover or denitrating tow^ers I and //, filled 
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witli add ])roof tiles, down which so-callcd nitre arid trickles. Nitn* 
acid is a snl])huric acid solution of mtnh^yl .wiphurir add NOHSO,. 



ocid storage 

Diiiirrain (it (owe?* [ilcuit for maniirarf un* of siilj)fnii’i(‘ acid 


which is. ])y structure, a luixi'd anhydride of sulphuric and nitrous 
(HXOj,) acids, as can he seen from the following schenu': 

() O 


M 0 S O -iJi+H-Oi X () W O SOX O : H.O 
O O 

HNO._, iiitrosvl 

siilphiirii' Hcj'l 
NOHSO, 

Watei* is also introduced into towers / a?id //. hcsid(‘s the nitre 
acid. Owing to the Iiigh tein])erature of the gases, nitrosyl sulphuric 
acid liydroly/es into sul])hurie and nitrous acids: 

XOHSO^- H,() H.,S04 j HXO., 

1 'lie nitrous acid oxidizes the sulphurous acid, formed i)y tlie sul[)hur 
dioxide comhining with the water, into sul])huric acid: 

HoSO., } L» HXOa- HgSOj f 2 XO | H^O 

The conditions in tlie (dover towers aie adjusted so as to eonveut 
nj) to 90 per cent of the initial SOo into sul])huric acid; the remaindm’ 
is oxidized in tow-er III. called the stabilizer tower. Then the gas(^s 
containing XO.^ and NO ])ass through two Oav-Lussac or '“absor])tion" 
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lowers /[ and I filled with pieces of quai’tz and spravcd with sul¬ 
phuric acid. 

In these tow(Ms nitrosyl sulphuric acid is foi nied: 

NO, i NO : 2 H,SO, 2NOHSO, i H.O 

1Mms, the nitiogen oxides are collected in towers /T and V and 
do not pass into the atinos|)here. 

The gases are circulated through the system hy means of a powei ful 
Ian installed between towers JV and F. 

Most of the sulphuric acid is formed in (dover tower /. Part of this 
a.ci<i is continuously drawn from the system as the iinislied product, 
and the rest of it is ])um])ed to (iay-Lussac tower P. 1'he nitre acid 
Mowing out of tower V is used as a syrnay in tower L 

l^irt of t he acid from tower // is delivered to tower / P. the i‘(‘st- 
of it retinning to tower /. The nitre acid from tow'(T /P is used as 
a spray in tower II. 

The slight losses of nitrogen oxides occurring during the lead- 
chamber |)rocess ar(* rei)lenished by introducing nitric acid into 
tow(‘r II. 

Sul])huric acid is one of the most important })]*()ducts of the so called 
iand(UNrnfal vhentical irifhislry, wdiieh includes the production of acids, 
alkalis, salts, mineral fei-tilizers and chlorine. Not a single chemical 
product is produced in such immense quantities as sul])huric acid, 
'flu' (Miief consumer of sulphuric acid is the mineral fertilizer industry 
(for instance, the superphosydiate and ammonium sulphate industries), 
'riien. it is used for ])reparation of almost all othei’ acids from their 
salts, is employed in great quantities for the production of explosives, 
for the purification of kerosene, mineral oils and cokc-()veu products 
(benztuie, toluene), for the yueparation of various vitriols, for the 
manufacture of dyes, for etching ferrous metals (scak^ removal), etc. 
Th(? output of sul])huric acid in 1002 in the capitalist countries only, 
was 2o million tons. 

Prior to the* Odober Hevolution the ])rodu(?tion of sulphuric acid 
in llussia was insignificant in com]>arison w ith other countries. Tlu‘ 
small-scale sulphuric acid |)lants that existed burned almost ex 
clusively imported y)yrite. The yu’oduction of all the ])lants in IMP) 
totalled only about 120, (KM) tons. 

TJie Revolution changed the situation radically. The old ydants 
\v(ue extended and re-c(yuiy)|)t*d. A home base of raw^ materials for 
t he sulphuric acid industry was created and a number of Jiew plants 
(‘rected. Along w ith pyrite. the roasting gases of non-ferrous metallurgv' 
contahiing considerfible (yuantities of SO,, as w-ell as '’flotation tail 
ings’'—the w ast(^ left over from the concentration of cop})er and zinc 
ores—consisting mainly of y)yrite, began to be used extensively at 
Soviet plants as raw^ materials. 
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The development of the Soviet sulphuric acid industry involved 
the erection of new type lead-chamber and contact systems. 'J'he former 
chamber installations were now replaced by towei* units. 'Fhe burner 
sections of sulphuric acid plants WT^re equi})])ed w ith ])owerful mechan¬ 
ical burners. The old contact apparatuses with their ])latinum catalysts 
WTre replaced by more ])roductive apparatuses emjvloying v anadium 
catalysts. 

A great deal has been done iji the sulphuric acid industry for the 
intensification of production. If the daily out])ut of lead-chamber 
systems was formerly 18 to 20 kilograms of acid ])er cubic metre of 
tower volume, the average acid yield at present ])er cubic metre of 
tower volume exceeds 120 kilograms, and at some plants innovators 
have brought it up to 200 kg. per cu.m. Another notable achievement 
is the production of the entire output at lead-chamber installations 
in the form of oil of vitriol (02 to 02.5 per cent H 2 S() 4 ) instead of 
75 to 70 per cent sul})huric acid. 

(Ireat ()p])ortunities in the manufacture of sulphuiic acid are ofiTered 
by the use of oxygen and by the ‘‘fluidized bed" roasting of jiyrites (hvv 
p.577). 

129. rcrsiilpluiric Acid HoSoOh. If an curn'iit is ]>asst*d through u 

50 j)(‘r (*(>ut solution of sulphurit^ acid, hydrogoji is lihoratod at the eathodt*. 
whih' at the anodt? HSO^'ious lo.se their ehargt^s and (‘ornbine in pairs to form 
persulphurio acid 1128 ^, 0 ^,; 

2HS()/ - - H.S.Os 

l*t‘r.sul])huri(i acid is a d(Tiv'ativ(' of hydrogen peroxidi‘ and an interintHiialc 
product in tlie production of the latter by the (‘le(‘trocheinical method. Its 
.structure is r(*pr6'sent<Ml l)y llu' following formula: 


o 

o 


— s o 
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Like in hydi-og(>Ti ])eroxide, two of thi^ oxygen atoms are comhiiH*d lu're b\ 
a (U)valcnt boiul, forming the characteristic y)eroxid(‘ “(diain.” Such a(Mcls arc 
known uruier the common name of porucJd.s and have been obtained for a numlx'r 
f)f other eli*ments besides .sulphur. 

IVraciids were studied oxteiLsively })y the Russian Acadcnnician L. Pi.sar- 
zhev.sky, to whom chemistry is obliged for tus classical investigations in this 
field. 

Owing to the prcs(‘nce of the peroxide chain in th(sr moleenles, all ])erucids, 
like ]>(‘roxid(^s, po.ssess vigorous oxidizing properties. 

'fhe salts of ])('rsrd])hiiric aeid, ealJed pcrsiilplialcs, are used for certain tech¬ 
nical j)urposes and as bleaching agemts. 

J30. Catalysis. Our examination of the technical methods for the 
manufacture of sulphuric acid based on the action of catalysts has 
given us some idea of the important part catalysis plays in chemistry. 
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In this paragra})h we shall deal with eatalytie jiroecsses in greatei* 
detail. 

Ihe effect of. various foreign substances on the rate of chemical 
reactions was noticed as far back as tfie beginning of the XIX century. 
In 1811 the Russian scientist K. KiiThh()jff establishc^d that sul])hinic 
acid a(^celerates the saccharification of starch. Jn 1835 Berzelius 
suggested the name "catalyst” for sucli substances, a name which 
lias persisted to our days. As catalysts do not enter into the composition 
of the reaction jiroducts, Berzelius believed that they excite the chem¬ 
ical activity of other substanc(‘s by theij- mere pix'sence, without 
taking direct yiart in the reaction. 

The real explanation of catalytic ])henomena should be sought 
in the properties of matter itscdf, in the interacdion of all the material 
factors participating in the catalytic? process, including the catalysts 
themselves. A catalyst is no "foreign” substance to the reaction 
but an active participant, which has in many cases been jmived 
experimentally to interact directly with the reactants. 

On these grounds, the ierin mialy,slH is used to denote suJjsfances 
tvhich change the velocity of a. reaction, themselves remaining chemi¬ 
cally and quantitatively unchanged after the reaction Jhoiigh they 
ijxite in it directly. 

From the above definition it follows that a catalyst cannot cause 
a reaction which will not take place without it. indeed, in many 
cases where reactions appeared not to take place in the abseii(?(? of a 
catalyst, it w^as subsequ(?iitly proved that they do take place, albeit 
at an immeasurably slow rate. 

Usually th(' catalyst has the effect of increasing tlu* rate of the reaction. 
However, there are nwtlions which an' (h'celerated in tfie pres<'nc(^ of foreign 
siihstances. For instanc(', if a little gJy(^(‘rine, sugar or ah^ohol is added to a 
solution of sodium sulpllit(^ its oxidation hy the oxygen of tlie air is great ly 
retarded. 3'h(? same sub.stances havt' a similar effect on t he solutioiLS of certain 
ofh(*r salts. Such substances arc called Hvgatirv mUilguU. 

A study of numerous catalytit? reactions shows that there ai*e 
wo common catalysts for all reactions ; the (catalytic effci?t of catalysts 
is strictly sped fie. It might be a.ssumcd that w'ater is a universal 
catalyst, as the presence of at Ictist traces of water is indispensahle 
for many reactions. However, there are a number of reactions Avhich 
are slow ed down or stop entirely in the presence of w ater. For instance, 
absolutely dry carbon dioxide wdll decompose under the action 
of ultra-violet rays into carbon monoxide and oxygen, but the moist 
gas does not decom|)ose. Thus, even water cannot be considered 
a universal catalyst. 

It has not yet been established just which properties of a catalyst 
make it suitable for one reaction or another. Sometimes the same 
])rocess can be accelerated by absolutely different substances wdiich 
apparently have nothing in common. Su(?h, for instance, are platinum 
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;iii(l vanadium peiitoxide V./).-,, used for the oxidation of siil])hur 
dioxide to sulpliur tiioxide. Nor can any parallelism be detected! 
in the action of catalysts in chemically close reactions. Therefore, 
the ])roblem of finding a suitable catalyst for any given reactio»i 
is often a very difficult one. 

Catalysis has so far defied envelo])ment in strict quantilativt* 
laws, but some relationships may be considered already quite well 
established. Two of the more inquirtant of these are: 1) in a homo 
ueneous medium catalytic action is ])ro[)ortional to the concentration 
of the catalyst; 2) the catalyst does not affect the state of equilibrium 
of leversible n^act ions. as it changes the velocity of the forward and 
the back reaction equally. 

M ])resent two kinds of catalysis are usually distinguished, namely, 
liomogeneous and heterogeneous. 

If the reactants and the catalyst are in the same phase, thecatal 
ysis is how(xjfneons. An (‘xample of the latter is the accelerating 
action of hydrogen (and sometimes other) ions on many reactions 
between dissolved substances. Jf the catalyst and the reactants 
are in different ])hases. as is the case with the reaction betwenm 
hydrogen and oxygen in th(‘ presence of ])latini7ed asbestos. th(‘ 
catalysis is calh'd Intero(feneons. 

In view of the great diversity of phenomena united under the* 
conception of catalysis, it woukl be difficult to expect them all to 
b(* due to one common cause. Naturally, the causes may be different 
in different (^ast\s. We shall deal here with the two most im|)()rtaiit 
tlu'ories used most often to explain the action of catalysts. 

'fhe ac(*(*lerating intluencc of catalysts in homogeneous (catalysis 
is usually explained by the “theory of intermediate reactions. ' 
It may, for instance, happen that a reaction of the type 

A b B - AB 

takes place very sknvly, whereas in the [)j(‘senc(' of a catalyst K 
the following rapid reactions take ])lace: 

A : K AK 
AK f B AB f K 
A ! B f (K) - AB 1 (K) 

This scheme affords a good explanation for the catalyst remaining 
uiK'hanged in the long run. and is in agreement with the fact that 
(jatalytic action is proportional to the amount of catalyst ])resent 
(as the rate of reaction (I) must be ])roportional to the concentration 
of K). 

In many cases the formation of intermediate compounds such 
as AK in the above scheme has been ])roved experimentally, thus 
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testifying to the truth of tliis theory. A graphic illustration is the 
l(*a(l-chaiubcr process for the production of sul])hurie acad. Hy its(‘ir 
(without the catalyst) the reaction 

2 SO, 1 O, 1 2 H,() 2 H,S(), 

proceeds very slowly. But in the presence of nitric oxide as catalyst 
th(' following i-eactions take place rapidly: 

2 . (), . 2 NO, 

:» NO, I L> SO, 4- i> H,0 i> H,SO, j 2 NO 
(2NO) i 2SO, i O, I 2 H 2 O 2H2S0^ ; (2 NO) 

as a result of which the amount of the catalyst NO icmains unchanged. 

Some cases of hetei'ogeneons catalysis can also he attrihuted 
to t h(‘ formation of intermediate compounds, it has l>een established, 
ioi' instance, that crystalline manganese dioxide, which accelerat(‘s 
the decomposition of potassium chlorate, is converted as a result 
of the reaction into a fine powder. On this basis it has been assumed 
that the salt decom])oses in two steps: 

2 K(10, i 4 MnO, 2 KVl -i 2 Mn.O^ 

2 MiioO^ - 4 xMnO, + 3 O, 

(4 MnO,) i 2 K(10, 2 KOI + (),, i (4 MnO,) 

'flic intermediate produ(*t formed in this case is the unstable 
liighest oxide of manganese. Mn.^O,. 

However, the main role in heterogeneous catalysis, es|)ecially 
if t h(‘ catalyst is in the solid phase and the rea(*tants are in solution 
or in the gaseous state, is ])layed by adsorption, i.e.. fixation of the 
molecules of the reactants by the surface of the catalyst. The increase 
in the concentration of tlu' reactants at ihv surface of the catalyst 
should in itself influence the I'caction rate, but this influence is not 
st rong enough to exfdain the great ineiease in reaction rate obsei ved 
in such cases. Besides, if the increase in conceiitratioji due to adsorj)- 
lion were the only factor, the specificity of catalytic action could 
not be ac(M)unted for. Therefore, it is considered that the main factor 
a(*(!(4ei‘ating the reaction is the increase in activity of the adsorbed 
molecules under the action of the outer force field of the catalyst. 

IVofound studi(‘s of the catalytic action of solid amor])lious bodies 
on the (jourse of chemical ])rocesses, as well as the dependence of 
this action on the nature of the contacting bodies and their surface. 
NN'('re carried out by Konovalov. 

An ex]>lanati()n of the role of contact in heterogeneous catalysis 
and the (causes of the increase in activity of the adsorbed molecules 
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was given by Mendeleyev (1S66) who first suggested the idea that 
“at the points of contact between bodies the state of internal motion 
of the atoms in the particles changes, and it is this state that governs 
chemical reactions/’ T)evelo])ing this idea, another prominent Russian 
scientist Zelinsky worked out and grounded experimentally new 
views on the nature of h(‘terogencous catatysis. He attached great 
importance to the change in sha|)e of the reacting molecules and 
to the deformation of tluur bonds due to contact with the catalyst, 
which is not active all over its surface but only at certain points, 
called active (Monties. Adsor})tion of molecules at definite jioints 
on the surface of the crystal lattice of the catalyst is, according 
to Zelinsky, “an obligatory [)reliminary stage of heterogeneous 
(catalysis. ’ 

Some substances, even if jiresent in insignificant quantities, greatly 
decrease the activity of the catalyst or even completely precdude^ 
its action. 

It was ])ointed out above that in the contact ])rocess foi* th(‘ 
manubuiture of suJjihuric acid the gases must be thoroughly purified, 
otherwise the catalyst is quickly poisoned. 

Ijike the catalyst itself, these catalytic^ poisons are specifii? in 
t-heii’ action: though tliey may sjioil catalysts of one ty[)e, they 
are quite harniless to others. Poisoning is probably due to aclsorption 
of the catalytic ])oison by the surface of the catalyst, es])ecially 
at its active centres, as a result of whi(‘h the catalyst becomes as 
if enveloped in the poisons, and the leac^tant molecules are blocked 
out. 

Wlu^reas some substances poison catalysts, others, on the otluM' 
hand, greatly enhancM^ their activity if added in small quantities, 
though they themselves are not catalysts foi‘ the reaction in question. 
►Such substances are called promoters and serve, so to say, as “catalysts 
for catalysts.” The nature of the action of promoters lias not y(d 
b(‘en established exactly. 

The role of catalysis in chemistry is enormous. The very fad 
that the impurities in ordinary water may serve as catalysts for 
many reactions, shows how widespread catalytic phenomena ar(‘. 
If we take into account, besides, that the walls of the vessels in which 
the chemical reactions take ])lace may also often act as catal\st-s, 
it may be considered that catalysis occurs in latent Ibrm in almost 
every chemical reaction. 

In our days a great number of very important industrial chemi(;al 
])roccsses are based on the use of catalysts. And the more the chemi¬ 
cal industry progresses, the more it makes use of catalytic action. 

131. ('oiiipoiiiKis olf Sulphur witli the llalo:rens. Pas.siiig dilorim* tliroud' 
hu'IOhI sulphur results in sulphur nwnochlornh, au orange liquid boiling 
at 13S (\ 1'tio molecular weight of this suhstanee, as di'lermined })y the dt^isily 
<»f its A'apours, eorrc'sponds tf) formula Sot-U- 
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Su]}>hiir nioiK)(*hl(>n(l«> ran <JisKoIv(> Mulphui* up (o 56 ]>i‘r mil. Wutrr do- 
<*ompos(^K SgClj,? forming sulphur (Jioxidr, }iydr()g<Mi rhiuridr and suljihiir: 

2 S.Cl. ! 2 H.O SO, I 3 S ! i IIH 

Sulphur inonofliloridr is usr‘d for I hr viileani/.at ion of j uhlirr. 
d’wo morr rnm])()unds oi' sulphur and c.hlorinr arr known, nam<*Iy, S(’l, 
aud Sri4, which arc, howoxow of no practical im])ortan(H‘. Willi liuorlnc suli>hur 
forms 1 he gaseous comjiound SK„, in which it attains its highest <l(‘grce of 
oxidat ion. 


SKhE.Ml M SrB<j|{Oi:P 

This siil)gr()ir|) includes the elements selenium, tellurium ami 
polonium. ()f them only selenium ami tellurium, greatly resembling 
sulphur in their ])i‘operties, have been investigated ehemieally. 

1B2. Selenium; at. wt. 7SdM>. Teniiriiim; at. wt. I27.<>1. Seleniun^ 
is (pjite abundant in nature, but oeeiirs usually in small cpiantities 
namely, as admixtures to natural metal snl[)hides (PbS. FeSo, etc.). 
When ])yrite is roasted, seleniuin accumulates in the dust collecting 
chambeivs of sidphuric? acid ])lants. This dust is tlie chied scnirco for 
the production of selenium. Tellurium, on the other hand, is one 
of the very I'are elements, its content in the earth’s (aust being only 
1x1(1 ® ])er cent. 

Like sulphur, ekunental selenium forms several allotropic modi 
tications of which the b(\st known are: amorphous svUnium, a retldish 
brown ])owder Avith a s])ecific gravity of 4.3 and crystalline svUniuni, 
a grey brittle substance with a metallic lustre and a specific giavitv 
of 4.S. The latter modilication possesses a nunarkahle |>ro])erty : 
its electrical conductivity, which in itself is very sjuall, increases 
greatly under the action of light. This pro])t'rty of s(4enium is the 
basis of its use in A^arious optical apparatuses, namely, photometei s. 
light signallers, etc., as aa^cII as in television, 'relluriiim is also known 
in the form of the amor])hons modilication and as a crystalline sub 
stance of light grey colour with a metallic lustre. Tellurium is a goo<l 
conductor of heat a.nd electricity, a]>|)roaching metals in this res])ect. 

The T*eseml)lance betwt?en selenium and tollurinrn, on the one 
hand, and sulphur, on tlu^ other, is esjieeially manifest in t-h<dr com¬ 
pounds. 

Hydrogen selenide HaSe and hydrogen lelluridc H/Te are colourless 
poisonous gases with disgusting odours. Their a(|ueoiis sc»lutions 
are acids whoso dc^grees of ionization, hoAvever, are somewhat higluu- 
than that of hydrogen sulphide, as the attraction between tlu; negative 
ions and the "hydrogen ions becomes Aveakcr as the radius of tlv 
former increases. 

In chemical properties HgSe and HgTc greatly reseml)le H 2 S. 
Like hydrogen sulphide, they are easily oxidized by the oxygen 
of the air, decompose Avhen heated and possess powerful rcnlucing 
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]>r()j>erti(\s. Tlieir salts, /ffif nides ainJ trUiuidcs, are |)re|)are(J, like 
sulphides, by the action of H^Se or HgTe on soluble salts of tiu* 
nu'tals and are very similar to the snl})hides with respe(?t to their 
solubility in water and in acids. H.>Se and HgTe can bc‘ pre])are(l 
by the action of strong acids on selenides and tellurides. 

Combustion of selenium and tellurium in air or in oxygen results 
in tlie solid oxides SeOo and TeOa- ^ke anhydrides of selenium and 
t('/h(rioii,s acids, H.^SeO.j and H./re()3. Unlike sniphur dioxide SeO.^ 
and TeO^ aie ])r‘edominantly oxidants, being easily reduc(‘d to free 
s(denium and tellurium. By the action of ])owerful oxidizing agents 
S(‘()o and TeO.^ can be converted respectively into selenic and telhn i<* 
acids, H^SeO,, and H2Te()4. 

Sfdniir (tcid ll2»Se()4 is a solid crystalline substance melting at 
‘>s C. Ijike sul])huric acid, it is non-volatile, combines vigorousl\ 
with wat<u'. chars organic substances and possessc^s ])owerful oxidative* 
])roperties. 

Selenic acid is ojie of the strong acids. Its salts, known as .sr/cau/e a*. 
beai* a striking resemblance to sul])hates. Kven the same* salts are 
insoluble as in the case of sul[>huric acid, e.g.. the barium and lead 
salts. Selenic anhydride is unknown. 

Tdluric acid, in contiadistinciion to sel(‘nic and sulphuric, is 
a very Meak acid. It separates out of solution as crystals of the com 
position HjjTeO^., This is a hexabasic acid, forming a juirnber of 
salts, such as AgeTe()(.. When lumted, telluric acid s})lits off* two 
molecules of water and be(‘omes a dibasic acid, analogous to sul¬ 
phuric acid, HoTe()|. If h(‘ated more strongly it turns into telluric 
anhydride TeO:v 
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133. Goiioral IVaUurs of the Nitroj^oii ({roup. The iiitro^un gioiij) 
the typical elements of the fifth group of tlie Periodic Tahh*. 
nitrogen and phosphono^. as well as araeniv. out many and fnxnvtffi. 
elements with atoms of simihu* structure in the odd series of the lai*g(‘ 
periods. Together these five elements make u]) the main sid)group 
t)f the fifth group called also the liiirogen group. 

1'he elements of the nitrogen groii]), having five ele(!trons in lh(' 
outer layer of their at(3jns, may he characterized on the whole* as 
non-metals. However, their capacity for gaining electrons is much 
weaker than that of the corresponding elements of the sixth and 
s(‘venth grouj)s. Owing to the presence of five outer electrons, the 
highest positive valency of the nitrogen group elements e(pials five*, 
and the highest negative valency, three. Owing to their lelatively 
lower electronegativity, the bond between hydrogen and the el(‘- 
ments of the nitrogen group is less polar than that between hydrogen 
and the elements of the sixth and seventh grouj)s. Therefore, the 
hydrogen com])ounds of the nitrogen group elements do not split 
off hydrogen ions in aejueous solution and hence do not ])ossess acidic 
properties. 

The physical and chemical f)roperties of the eleinejits of the nitrogen 
group vary with increasing atomic number in the same order as in 
the groups studied earlier. But since the iion-metallic ])roperties 
of nitrogen are less projiounced than those of oxygen, and the more 
so than of fluorine, further weakening of these properties in passing 
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to the subsequent elements results in rapid growth of mettallic 
])mperties. The latter become percex)tible already in arsenic; anti¬ 
mony possesses metallic and non-metallic |)roperties in approxi¬ 
mately equal degree, while in bismuth metallic j)roperties predom¬ 
inate considerably over non-metallic. 

The most important constants of the nitrogen group elements 
are given in Table 22. 

Table 22 


Most liiiporlaiit Pliysictil Poiistants of Uu^ Niirovfon 4«roiip Elements 


Constuiits 

1 

i ^ ^ 

Phosphorus i 

** i 

1 

Arsonic 

As 

Anli- 

monv 

Sh' 

Jhs- 

rniith 

Hi 

Specific gravity .. . 

Melting jioiiil. 

! O.S) 1 

! (liq.) ! 

].8l> 1 

(white) 

! 

5.7;i 

6.62 

!».K 

tlegr(‘(>s C . 

Moiling point. 

■ ; -^210 ; 

I 1 

j ! 

1 i 

44.2 : 

814 

(36 atm, ’ 
2)ressur(‘) , 

6.30.5 

1 

i 

271.3 : 

! i 

d('gr(5i\s C . 

. ' —195.8 i 

280.5 •' 

i 

610 (suhl.) 

1,635 ! 

l,.560 ; 

Atomic radius, A . . 

U.7I ‘ 

1 

1 

1.48 

1.6li 

i 

1.82; 


MTItO(iiE\ (Nitro^eiiiiiiii): at. nl. U.OOS 

134. IS’itrogeii in .Nature. Preparation and I^roperties of Kitrogen. 

Nitrogen occurs in nature mostly in the free state. Free nitrogen, 
as is commonly known, is tlie chic^f component of air, which contains 
about 78 per cent nitrogen by volume. The only inoiganic nitrogen 
compound found in nature in considerable quantities is sodium 
nitrate NaNO^, w4nch occurs in thick deposits on the Pacific coast 
in ('bile. 4'he soil contains insignificant quantities of nitrogen, mahily 
as nitrates. But as a constituent of the complex organic compounds, 
known as ])roteins, nitrogen is found in the body of every plant 
and animal. Proteins constitute the most im])ortant parts of cells, 
jiamely, the pi-otoplasm and the nucleus. The wonderful changes 
wdiich i)roteins und(*i’go in jdant and animal cells form the basis 
f)f all vital processes. Life is impossible, wiihovi protein, and as nitrogen 
is a comi)ulsorv constituent of protein it will easily be understood 
how^ important is the role played by this element in nature. 

The total content of nitrogen in the earth’s crust (including the 
hydrosphere and the atmosphere) is 0.04 y)er cent. 

The pref)aration of nitrogen from air reduces essentially to its 
separation from oxygen. In industry this is done by evaporating 
liquid air in special plants. 
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Absolutely pure nitrogen can be obtained from its oornpoiinds, 
e.g., from ammonia, by passing the latter over strongly heated 
cupric oxide: 

3 (^UO + 2 NH 3 No f 3 Cu + 3 H/) 
or by heating ammoniiun jiitrite: 

NH^NO^ - No I 2 HoO 

Pure nitrogen is a colourless gas Avith no odour, very slightly 
soluble in water. It is a little lighter than air, one litre of it weighing 
1.25 gr. When cooled strongly under high pressun* nitrogen becomes 
a liquid Avhicli boils at —11)5.8^' and solidifies into a snow-like mass 
at - 210 ^ C. 

Nitrogen is conspicuous for its chemical inertness. At oidinary 
temperatures it is almost inca])able of forming (^()m])()unds. WHien 
heated it combines quite leadily with some metals, such as lithium, 
magnesium, calcium, titanium. Finally, at very high temperatures 
nitrogen combines directly with oxygen and hydrogiui. 

Animals ])laced in an atmosphere of nitrogen soon perish, not as 
a result of niti'ogeii ])oisoning, but due to the absence of oxygen. 
'I'his pro])ei*ty accounts for the old name of nitiogen, azote, from the 
(beck “azoos,“ meaning lifeless. The ])resent English name “nitrogen" 
is derived from the l..atin "nitrogenium." meaning “originating salt 
|)etre." 

'file nitrogen molecule (M)nsists of two atoms (Ng). These atoms are 
tied together very stably, Avhich accounts for the chemical inertness 
r)f nitrogen under ordinary conditions. 

Nitrogen forms a large number of com])ounds. which are ])repared 
indirectly and easily undergo various changes. 

Free nitrogen is used in electrical engineering to fill “half-watt" 
lamps. But the greater part of nitrogen obtained from the air is used 
for the ])reparation of synthetic ammonia and calcium cyanamid(\ 

135. Ammonia Nitrogen forms several com])ounds with hydro¬ 
gen, the most important of which is ammonia, a colourle\ss gas with a 
charactei’istic ])ungent odour, W'cll known to everyone as the odour 
of ammonia spirit. 

Ammonia is usually i)re])ared in the laboratory by heating a mixture 
of ammonium chloride NH^^ and slaked lime (*a(()H) 2 . The reaction 
is re]u*esented l)y the equation 

2NH4(n 4 ra(()H)2-(’a(’U t 2 HgO I 2 NH^ 

The ammonia liberated contains water vapour. To dry it, it is 
passed through a jar of soda lime (a mixture of lime and caustic soda). 

One litre of ammonia at S.T.P. weighs 0.77 gr. As ammonia is much 
lighter than air, it can be collected in an inverted vessel. 
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When cooled to - at ordinary |)resvsure, aininonia turns 

into a trans])arent li(juid which solidifies at — 11.T ( \ Liquid ammonia 
is ke]>t in steel cylinders under a ])ressure oi' (>-7 at?n. The compara 
tively liigh boiling ])oint of ammonia ( - ^13.4'). contradicting its 
low molecular weight (M -17), is due to the active association of 
li(juid ammonia molecides owing to their ])ronounced ])olarity. 

Ammonia is very soluble in water, one volume of water at ordimii y 
t(‘m])€Matures dissolving 7(M) volumes of ammonia. A concentrated 
solution contains 25 j)er cent XH;, and has a 
specific gravity of (htH. A solution of am¬ 
monia in water is sometimes called ammovid 
spirit. Ordinary medicinal ammonia spirit 
contains It) pea* cent NH.^. As tlie tempeiatuit' 
rises, tlie solubility of ammonia decreases, so 
that it is liberated if a concentrated solution 
is heated. This is made use of sometimes 
in laboratories for the preparation of XH.j in 
small quantities. 

At low temperatines the c‘iystal hyilratc' 
XHjj HoO. having a melting point of 7!)’ (‘. 
can be separated out of an ammonia solu¬ 
tion. A crystal hydrate of the com])ositi(»n 
XH 3 - 2 H 20 is also known. 

Chemically ammonia is quite active; it 
reacts with many substances. In ammonia 
nitrogen reaches its highest degree' of ri'duc- 
tion, corres})onding to a valency of 15. 
'Fheiefore, ammonia will not participate in 
reactions connected with further lowering of the valency of nitiogen: 
it possesses only reducing })i'oj)ertics. If a stream of ammonia is passed 
through a tnlx' inside anotber wider tube (Fig. 0*5), through liii'h 
oxygen is delivered, the ammonia can easily be ignited; it burns in 
oxygen with a ])ale green flame. Combustion of ammonia leads to the 
formation of water and free nitrogen: 

4XH3+:1 4 2 X 2 

III 0 

4 X — e - N 

11 

O2 { 4 c 20 

Cnder other conditions ammonia can be oxidized to nitrogen 
oxides. 

In contradistinction to the hydrogen compounds of the sixth and 
seventh group non-medals, ammonia does not ])ossess any distinctly 
pronoune^ed acid properties. However, its hydrogen can be displaced 
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by metals, the c()m])ouii(ls formed being called nitrides. Some of them, 
such as calcium and magnesium nitrides, can be j)ropared by combining 
nitrogen directly with the metals in question at a high temperature: 

:i]VIg I 

Many nitrides are completely hydrolyzed in watei*. torming ammonia 
and the hydroxide of the metal. For instance: 

Mg,,X2 I (i HoO 3 Mg(()H)2 i i> NH, 

II'ohIn’ <)ih‘ Ijydro^jcai atom in liar ammonia molrtailp is displac-tMl l)\ a metal 
tla‘ rt\snlt is a mvUd awidc. Ttius, if ammonia is f)asse(l oM^r mnlttai so<limn. 
.stifUtmi fiPn{ih\ or sodamldv. XaXHj i^ prorhiecMl as (‘oioiirit'ss crystals with a 
m(‘llin|L; point of 2lt)' (’: 

2 XH,j i 2Xa 2XaXH, : H, 

Water »l(‘compos(‘s sodium amide aeeordinK t(> th(‘ (‘(puition: 

XaXH., i H,() XaOlI XH., 

!*()ss(‘ssin<^ strong basic and dehydrating? })ro])erti(‘s, sodium atnide has 
lound apttlication in s(‘\'(>ral or^j:anic syn1hes(‘s, in th(‘ syntliesis of siieh 

an important (fN'e as indigo and in the synth(‘sis of sulpliidiiK’. 

The jtroduct of substitution of oik* of the h\(lrogen atoms in ammonia In 
a hvdroxvl group is hfjdroj'i/laiHfUe XH.,()H, a solid with a mi‘lting point of 

If\’droxylamin(* is ])re])ar<‘d by the n'duetion of nitrie at^id with nas<*erii 
hydrogen. It dissolves ri'adily in wat<‘r forming the hydrati* XH>^()H • II.,(>. 
which ionizes partially into IXH.,OII j* an<l OH', 'fhendore, in a(|U(*f>us solution 
h> (IroxyhimiiK* possesses basic ])ro])ert ies: when lauitralized w ith acids it 
productNS ]i\'droxyIamiiu* salts, suc.li as |XH;,()M)(M (i*f. ammonia lielow). 

Hydroxyiamine and its salts are widely used to obtain many organic* prep¬ 
arations. 

'rh(‘ hx'drogen. in ammonia can be* su)>stittitc'd also hy the halogc'iis to form 
\ cry unstable compounds of nitrogt'ii. and the* halogcms. For c'xamjih*, the* 
action, of chlorine on a (nincentrated solution of ammonium cdiloridc* rc'sults 
in Ht/roffcn rhinrldr XOI^: 

xfi/'i ri-, xoh, 4 hoi 

in the form of a h(‘a\\\, oily, \*er\' (*xplosi\-e licpiid. 

Similar propertic^s are ])oss(*sse.d hy nitrogen iodide*, whicli forms as a soli<l 
black substance, insoluble in wat(*r, whi'ii ainmonia is treated with iodine. 
In th<* moist state* it is harmless, but wdieii drienl e'xjjJodes at tfie Icjist touch, 
lil)(*rfiting pur})Ie fluffs of iodin(> vapeiurs. The* comfiosition of nit rogt*n iodide* 
varies d(*fM*ndiMg on the t<*mperatun* at wdiich it is prejianul (Xl^ XH.. at 
< »rdinary tem}n*ratures). 

A solution of animonia in water has a basic reaction, shoeing that 
it contains hydroxyl ions. The ap])earance of these ions in solution 
is due to the^fact that iiart of the NH^ molecules combine with tlu‘ 
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hydrogen ions of water forming complex singly-charged NH 4 ‘ ions 
(ammonium ions) and liberating hydroxyl ions: 

NH., + H^O NH 4 • f OH' (I) 

the latter, in their turn, combine partly with amrnoniuin-ion to form 
ammonium hydroxide. NH 4 OH, a base, in which the NH 4 grou]) plays 
the part of a univalent metal: 

NH 4 * f OH' ^ NH 4 OH ( 2 ) 

As a result an ecpiilibrium is established in the solution between 
ammonium-ion, hydroxyl-ion and molecular ammonium hydroxide, 
on the one hand, and between the same ions, molecular ammonia 
and water, on the other: 

NH 3 : H.,() NH 4 - -f OH' XH 4 OH 

Thus, a solution of ammonia contains simultaneously moleculai- NH.,. 
XH j'-ion, OH'-ion and molecular ammonium hydroxide. 

8 ince ammonia in solution reacts slightly basic, ammonium hydrox¬ 
ide is usually regarded as a weak base, only slightly dissociated into 
ions (its ionization constant at 18"’C is 1 . 75 x 10 

'fh(‘r(> i.s an opinion lliat most of th<* dissoKcul ammonia is in solution in 
tiu* form of XH;, mohuailos. I’ndtT sucdi coTiditioiis the (existence in solution 
of unionizt'd ammonium hyclroxiOo is doubtful, and il. is thondbro asHumf'<l 
that aTiimonium hydroxide' i.s a strong, practically comf)l(il(dy ionizt'd bas(‘. 
the ions of which cannot, liowcvc'i*, be present in solution in any considerabU* 
<*oncentration, becau.se eciuilibrium (1) is greatly (lis})laeed to the left. 


If a strong acid, say hydrochloric, is added to an ammonia solution, 
the hydrogen ions of the acid combine both with the hydroxyl ions 
in solution and with the ammonia molecules (forming ammonium ions 
with the latter). The restdt is a neutral solution in which practically 
only ammonium ions and anions of the acid used remain. 

The reactions that take place may be exj)ressed by the following 
ecpiations: 

XH 4 ()H f H * XH 4 * ! HoO 

and 

NH3H H--NH4* 

136. Ammonium Salts. If neutralized ammonia solutions are eva])o- 
rated, the ammonium ions combine witli the anions of the acids used, 
to form solid crystalline substances with ionic lattices and all the 
])roperties of ty])ical salts. They are called ammonium salts. 

Ammonium salts can be formed not only by neutralizing aqueous 
ammonia solutions, but also by direct union between gaseous ammonia 
and anhydrous acids. 
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For example: 

NH 3 + HCl-NH^Cl i 42 Cal. 

That is why in the laboratory, where tlu^ air always contains gaseous 
ammonia and acid vapours, the glass panes of hoods, windows, reagent 
bottles and other objects often become coated with a white layet- of 
ammonium salts. 

Ammonium salts greatly resemble the salts of the alkali metals, 
especially those of ])otassium, as K ^ ions and NH 4 ions have approx¬ 
imately ecpial ra<lii. Ammonium salts dissolve readily in water, dis 
sociating com])letely into ions. Solutions of ammoniun) salts of strong 
acids react slightly acid, owing to hydrolysis. 

Xuincrous to isolate* ainiruaiiuin in llu* ii'(*o state* from its salts, 

i.e*., to obtain a snbstaiio** consisting of t‘lt*(.*tn<*ally iK'utnil XH., inol(‘ciil<*s, 
lia\'c been nnsiiccessful. as at the nionient of fV)rTnation aininojiinin iinine(liat«*l\ 
<loconipos(*s into ammonia and tiydrogen. Fret* ammonium should havt* pos- 
sessetl th(* pro])(*rties of a m(*tal. An intlirect indication of its mt'tallic character 
is tlie t*xist(*nc(' of ammonium amalgams, alloys of arnirtoniurn and nn*i*cury, 

mi*tals. 

'Fo |)repar(* ammonium amalgam an amalgam of so liuni is first pr(*pan*tl 
by adding metallic sodium to m(*rcury in small jMa'ticns until a semi-li(|uid 
mass r(*sulls. If a saturatt'd solution of ammonium cliloridt* is added tt) the 
sodium amalgam prt‘par(‘d in this way, th<* ammonium and sotlium cliange places 
and th(* result is a v(‘iy \ ()luinint)us ammonium amalgam whit h is oily to tht* 
touch. Ammonium anralgam is v(*ry unstaldt* and can be ke])t only at low 
t(*mperatures. If ammonium amalgam is brought into contact with a (*oltl 
(’uS().| solution, the amnuniium disj)lact‘s ])art of llu* copp(*r from tht* FuSO^, 
tbrming (XII i: 

2 XII 4 I FuS ()4 (’ll : (XH^l.SO^ 

At t)rdinar\ tcmperalun's ammonium amalgam <^lt*com|)ost‘s rapidly into 
m(*rcury, ammonia ami liydrt)gt*Ji. 

A characteiistic feature is the attitude of amiuouiuiu salts to the 
alkalis. 

If au aqueous solution of any aiiiiuoniuni salt is treated with an 
alkali the folkn\ing reaction takes ])lace: 

NHi* iOH/t H/jO 

If the solution is heated ammonia is given off and can easily be 
detected by its odour and by means of a moistened ])iece of litmus 
])aper which changes its colour. ^Fhus, the presence of any ammoiiiuni 
salt in solution (jan be detected by heating the solution with an alkali 
(test for ammonium-ion). 

When heated, dry ammonium salts dissociate (piite readily into 
ammonia and an acid. For instance; 

NH4(1^:NH3 \ HC\ 
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If the acid forming the salt is volatile, as in the above case, it comes 
off* together with the ammonia and recombines with it upon cooling 
to form the salt again. For example, if dry ammonium chloride is 
heated in a test tube the salt apparently sublimes, forming a white 
deposit oji the cold walls of the test tube. 

But if the acid is not volatile, only ammonia comes off’, the acid 
remaining in the vessel in which the salt was heated. Examples of 
this are the heating of (NJH[ 4 ). 2 S() 4 , (NH 4 ).jP() 4 . etc. 

The formation of ammonium ions in the reactions between ammonia, 
and water and bet ween ammonia and solutions of acids is due to the 
structure of th(‘ ammonia molecule, which c^an be repiesented as 
follows: 

H 

H : N: 

H 

It (?an be seen from this formida that besides the thrcT electrons 
foiining pairs with the hydrogen electrons, nitiogen has one mor(‘ 
“free’* electron |)air left. 'The addition of a hydrogen ion to the nitrogen 
takers place at the ex])ense of this pair, after which both electrons 
b(‘come common to nitrogen and hydrogen. 

If the hydrogen ion, which does not contain a single electron, is 
represented by |H| . the above can be expressed by the following 
selieme: 

H n 

IH I H:N:H 
H H 

'rhis is analogous to the formation of an oxonium ion from a mole(ail(‘ 
of water a ml a IH) ion: 

H H 

TI:(): ! |H h H:(): H 

137. I'ses of Ainmoiiia and Arniiioiiiuin Saifs. Ammonia and ammo¬ 
nium salts are wddeJy used in practice. As has been stated, ammonia 
can easily be liquefied, and the boiling point of the liquid is a})out 

33° C. At ordinary temperatures ammonia can be liquefied at a 
])ressure of ojily 7 to 8 atm. Since the eva])oration of li(piid ammonia 
involves the absorption of a large amount of heat (327 (!al. ])er gr.), 
liipiid ammonia has found wide application in refrigeration engint'ering 
for cooling storehouses arid storerooms hi which perishables are kept, 
as well as for the preparation of artificial ice. 
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Fig. !t4 is a diagram of a rofrigerator iisoil for artificial (looling. 
('omi)ressor / compresses the ammonia under its piston to atm. 'Phe 
(s)mpressed ammonia jyasses through valve 2 at the to}) into coil 2 cooled 
hy nmniiig water. Here the ammonia condenses into a liquid and through 
cock 4 ])asses into a long coil .5 inside ve.s.sel 6‘ containing a concentrated 
salt solution. Due to tlie large volume of coil .5 the liquid ammonia 
evaporates rajiidly. removing heat from the salt solution. 'Phe eva])o- 
rated ammonia is then drawn back into the conqnessor through valve 7 
which o|)ens only upwards, and thus kcs'ps going through a continuous 



I ('(Hiipn'ssor; jiihI 7 vjtlvcs: .!? nMirnoiiirtrondtnrtaHoii t-oil; / curl;; j aiuinonlii 
foil; 6' vcssol coik?*'!!! rntt'd salt soliilitm 


eyedo. If metal boxes WWtnl with water are lowered into vessel 0. tlu^ 
water will freeze into bars of iee. If the salt solution cooled in vessel (i 
is eirenlated through ])ij)(^s laid in storerooms where products ai'c 
kept, the low temperature re(piired can be maintained in those 
rooms. 

A(pieous ammonium solutions are used in chemical laboratories and 

I bints as a weak volatile base; they find apj)lication also in mediciiu* 
and in the home. But most of the ammonia jwoduced eommerciallv' 
at ])reseiit is employed for the prei)aration of nitric acid and artificial 

I I itrogeiious fertilizers. 

A very im|)()rtant ammonium salt awwoniunt Hulpfmtv (NH 4 )oS 04 . 
It is a good fertili/AM- and is manulactured in immense quantities as 
siudi. Of even greater im])oriance is (mm<)nium nil rate NH. 4 N().j. a 
f(‘rtilizer which can be made entirely from air and water. Amtnoniunf 
('hlf)rifje or ,sal finnuonidc NH.jd is used in the dyeing industry, in 
textile ])rinting, in soldering and tin ])!ating. as well as in galvanic 
<*(^lls. The action of ammonium chloride in soldoring is l)ased on the 
fact that when it comes into contact with the hot metals it decomposes 
into ammonia and liydrogeii chloride. The latter dissolves metal 
oxides forming volatile chlorides, and thus cleans tbe metal surface, 
enabling the solder to adhere well. 

13S. Preparation ot Ammonia. Up to the end of the last century 
ammonia was })repared commercially only as a by-]noduct of tin* 
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carbonization of coal. Coal contains between 1 and 2 per cent nitrogen. 
During the dry distillation of coal almost all this nitrogen escapes as 
ammonia and ammonium salts. The latter are separated from the 
other gaseous dry distillation products by ])assing the coke-oven gas 
through water. Ammonia is liberated from this ammonia (or (jas) 
liquor by lieating with lime. The ammonia thus produced is passecl 
into swl])huric acid with which it forms ammonium sulphate (NH 4 ) 2 ^ 04 . 
To produce pure ammonia the ammonium sul])hate is heated wit h lime. 

For a long time ammonia licpior was the only source of ammonia. 
But in the early XX (century several new^ methods were discovered 
for the commercial prodiicticm of ammonia, based on the binding or 
fixatioji, as it is called, of atmos]>heric nitrogen. To evaluate the 
immense importance ol* the^se discovcTies for mankind, we must first 
get a clear idea of the role of nitrogen in vital ])roeesses. 

As was stated above, nitrogen is an obligatorx constituent of 
])roteins, and as such is indis]XMisable for the nourislunent of any 
living creature. However, in spite of the immense, ])ra(5tically inex¬ 
haustible supply of free nitrogen in the atmosphcr*e. muther animals 
nor ])lants (with very few exceptions) can make any direct use of this 
nitrogen for nourislnnent. 

Plants get their nitrogen from the soil, when-e it is (M)]itained mainly 
as various organic com|)ound 8 which gradually change into nitrat(‘s 
and ammonium salts. Dissolved in soil waters, these salts are drawn 
uj) by the roots of plants and transformed in their cells into proteins 
and other comjilex nitrogen comjiounds. 

Animals cannot assimilate nitrogen even in the foi’in of salts. They 
need for their nourishment the ])roteins produced by ])lants or other 
animals. Proteins cannot be substituted by any ot hcu’ com])ounds. That 
is why the existence of animals depends entirely on plants; they 
can ol)tain the nitrogen they need only through plants. 

The soil usually contains very insigniticant quantities of nitrogen 
which is continuously being extracted from it by plants. When croj)s 
are harvested the nitrog(‘n extracted by tlie plants from the soil goes 
with the cro]). Thus, tlie soil is ra])idly exhausted and becomes less 
and less fejtile. Theiefore, to obtain good cro])s the deficiency of 
nitrogen must be (continually repkmished l)y adding nitrogen (compounds 
to the soil in the form of various fertilizers. 

Before W(jrld War 1 (11)14-18) the chief nitrogenous fertilizer was 
sodium nitrate (Ohile saltpetre), imported to l^lurojK-. from South 
America. It was also the only raw material for the maiiufacture of 
the nitric acid required for the ])roduction of explosives and other 
nitrogen compounds. 

The limite(i supplies of natural saHpetre, their remoteness from the 
chief consumers and mainly the tendency to relieve the necessity of 
importing raw materials, confronted the chemical industry of many 
countries with the problem of utilizing atmos])heric nitrogen for the 
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jireparation of nitrogen coniponnds. The successful solution of this 
jiroblem was one of the greatest victories scored by chernistrx' in 
the early XX century. In the course of a single decade not one, but 
several technical methods of '‘binding’’ atmospheric nitrogen wimh* 
invented. Two of these methods, whicli are at the same time metluxls 
of production of ammonia, are examined beloxv. 

The first discovery (1(K)4) was the cyaiictniide process for the prodne 
Hon of ammonia, based on the ability of nitrogen to combine directly 
xvith calcium carbide OaC.’o. 

(>il(;ium carbide is produced by heating a mixture of (|ui(*klime 
with coal in an ele(*.tric furnace. At a liigh kunperature calcium carbide 
reacts witli nitrogen to form a solid (jailed calcivm cyanamide (’a('X.> 
and free carbon. 

The reaction ])roceeds according to the ecpiation 
(^aC^o-i N. -(^a(’N^ i (M fil). 2 Cal. 

"J’he reaction is accom])lish(^d by passing a stream of nitrogen 
through the calcuum cai'bide, xvhich is heated at one ])()int. The nitrogcui 
begins to combine at this ])oint liberating a largcj amount of heat. 
'Phe heat raises the kmiiierature of the surrounding mass of carbide, 
and the nitrogen continues to combine until all the carbide is used uj». 

The calcium cyanamide obtained in this way is a dark grey ])owder, 
its colour being due to the ])resence of (jarbon. Jf treated with steam 
at a temjierature of 110 to 115"^ C and a pressure of about fi atm. 
calcium cyanamide decomposcjs readily into ammonia and calcium 
carbonate: 

(’aCNg-j 3 H,0 -(^aC ()3 i 2 NH 3 i ISCal. 

'J’he first calcium (jyanamide plant with a capacjity of 4.000 tons 
per year w^as built in 1006 in Italy, By 1021 the world production 
of calcium cyanamide had reacjhcid 500,000 tons ycjarly. But after this 
the erection of new- plants stoj)ped almost entirely, as another method 
for the commercial production of ammonia took the upper hand. Hiis 
was the direct synthesis of ammonui from hydrogen and nitrogen/^ 
suggested by F. Haber in 1OOS. 

At ordinary temjjeratures nitrogen wdll not combine wdth hydrogen. 
But it has long been knowji that if electric sparks are passed through 
a mixture of these gases a small quantity of ammonia forms. A detailed 
study of this reaction showed that the sparks cause n(>t only th(j 
formation of ammonia, but its decomposition back into nitrogen and 

* At pn^seiit th(' greater jiart ol the caleiuiri eyanainido ])rc)(hieo(l is us(‘<l 
‘linujtly as a nitrogenous fertilizer suitable for many crops, uuiinly <)!i pocl/.nl 
soil. Some ealeiuin cwanainide is us(>rl for thcj iiianufaeture of urc'ci and exannlr 
eotnpounds. 
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hydrogen as well. Thus, the reaction between nitrogen and hydrogen 
is reversible and leads to a stat»t> of eqiiilibriuni: 

At the high tein|)eratiire caused by the electric s])arks the e<j|iii- 
libriinn is disj)laced greatly to the left, so that the quajitity of ammonia 
produced is very small. For a long time all attempts to iiujreavse the 
ammonia yield were unsuccessful. Only in the beginning of the present 
ciMitury. after long, ])ainstaking work, were conditions at last found, 
under which the ammonia yield becomes high enough to warrant 
carrying out the reaction on a plant scale. One of the (?hief conditions 
foi‘ this reaction was found to be high |)ressure. Indeed, it can b(‘ 
seen from the above ecpiation that the formation of ammonia leads 
to a decrc'ase in the volume of the nitrogen-hydrogen mixture: there- 
for(\ according to Lc (liabdier's Principle, increasing the |)ressur(‘ 
should favour the formation of ammonia. This was borne out by e.x- 
|)erimcnt. 

On the other hand, it was found that the cmnbination of nitrogcMi 
and hydrogen is acconi])anied by the libei*ation of heat: 

No r ! 22 Cal 

Hence, the higher the temperature, the lower the ammonia yield, 
riicjefore tin* reaction must i)e carried out at as low’ a temperature 

as possible. But at low’ temperatures the reac¬ 
tion rate is so low that it would take too long 
to obtain a])})reciable quantities of ammonia . 
The reaction was finally accelerated by th(‘ 
use of catalysts. Of tlu^ various metals and 
their oxides, the most suitable catalyst pi*ov ed 
to be metallic iron (in the form of a s|)ongy 
mass) with insignificant admixtures of alu¬ 
minium and pota.ssiurn com])ounds. 

In [uactice the reaction is accomplished at 
a tem])erature of about obtPO. compensating 
the consequent shift of equilibrium to th(' 
left by high ])ressure. Fig. ho is a graphic 
illustration of how’ the amount of ammonia 
at equilibrium changes depending on the 
temperature and ]u*essure. Examining the 
(mrves presented in the figure, wc fiml that 
the same yield of ammonia can be obtained })()th at low^ and at 
higher temperatures, if the pressure is raised a(^cordingly.* 

* At a pressure of 4,0UU to /i.UOU atm. the synthesis of ammonia takes place 
witti a yield of 100 j)(‘r cent in the absence of any catalyst. 
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ammonia yield f»n teni- 
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A diagram of synthetic* ammonia ]>lant is shown in Fig. IMh The 
mixture, consisting ol one volume of jiitrogen and three of hydrogen, 
is compressed by means of compressor / to 200 or :h)0 atm. (in some 
plants to 1,000 atm.) and after passing througli a filter (not shown 
on the diagram) to purify thc^ gases, passes into synthesis c*olumn 2, 
holding the c^atalyst. where the loiinatioji of ammonia takers place. 
Keforc^ starting up the whole system, the synthesis column is heated 
internally by an electric current to oOO oi- ooO’C. This tem])cratun> 



Fij.’,. 1)(). l)ia,m<un of syuituMic munnmia pliinl 

7 (Miiii])n*ss«»r; J sviitiirsis (‘ohnnn; •'/ / si'pMriilin’; Ii(|ui'l 

uniMionin ••oMfr-tor; 0 crin-iilation jannj) 


is sustainc>d afterwards automatically, cat the expense of the heat 
given off during the reaction. After ])assing over the catalyst, the gases, 
which now' contain u]) to 20 |)er (ent ammonia, enter cooler where 
the gaseous ammonia licjuelies duc‘ to the high ])ressin’(\ Tlieii the 
liquid ammonia is removed from the unchanged nitrogen and hydrogen 
in s(q>arator 1. From here tlie aFumonia is transferrcMl by bcatches 
into low-])ressure collector r>. from w hich it goes to storage. I he 
residiical gases are draw n out ol the se])arator by circulatioii j)ump 6‘, 
mixed w ith a new ])ortion of t he nitrogen-hydrogen mixture dischargcHl 
by com])r(^ssor i, and pass back into synthesis column 2. 1 hus, a 
C(a*tain amount of nitrogen-hydrogem mixture keeps (arculating con¬ 
tinuously through the system. 

V arious tvpes of syntludic? ammonia ])lants are employed in iiulustry, 
using differemt methods for ])reparing the nitrogen-hydrogen mixture, 
instruments of various designs, different catalytic compositions, 
different ])ressur(\s, etc. 
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At present the synthesis of aiiiinonia is the ])rinci])al method of 
binding atmosplieric nitrogen. The eliief advantage of tin’s method 
over all others is its eom])arative cheapness. 

180 . Hydrazine liydrai/oic Acid forms two moro com 

poiitids willi hy(lrog(‘]i, much infi'rior in impoi-tmico', howe*v(>r, to .‘immonia. 

IJffdrazine is a colourless liquid boiling al ]I3.r)'(\ |)rc[)an*d l)v the 

action of NiiClO on ct)ncentrated annmonia solution. 

'flu* struetural formulii of hydrazine is 

M dt 

X N 

H II 

With \vat<'r hydra/iiK- forms a stal)l(‘ hydrate (NollrjOIf which ])oss(‘sses 
slightly basic |)r-op(‘rtics aiid forms salts rest'mbling those of ammonium, 
sucli as h\'d!a/ine bx'drochloride .N.>Hr,("h etc. Mydraziiu^ is used as an a('ti\’(' 
reducing agent. 

/Itffiniznir acid HX3 can be |)r(‘|)ar(‘d by th(‘ action of nitric aca'd HXO.j 
on an acpa'ous sedution of h\drazin(‘; it is a c<dourl(‘ss licjuid with a pimgc'iit 
odour aiul a boiling ])oint (.>f (\ 

Ilv<lrazoic ai iti is classtul as a weak arid (iv 3 y. Jt) In acpieous solution 
it dissociates into H ‘-ion and \./-ion. Its salts, calh'd azides, are, lik<* th(' aci<l 
its(*lf, very expIosiv('. 

Lead azid(‘ l’h(X3). is used to fill d<*t<aiating fus(‘s. 

140. Oxides of Nitrogen. Nitrogen fonns six oxides, namely : nitrous 
oxide NoC), nitric oxide NO, nitrogen dioxide nitrogen tetroxide 
N./).,, nitrogen trioxide NoO.^ and nitrogen pentoxidc NjjOg. Th(\v 
can all be obtained from nitric acid and its salts. 

Nifroifs oxide NgO is prepared by beating ammonium nitralt*: 

NH^NO^-NMJ i 2 H 2 O 

In this reaction one of the nitrogen atoms of NH 4 NO 3 loses electrons 
and the other gains them, both of them becoming positively nni- 
valeiit. 


Ill 

-1 1 

N--~4c 

- N 

■1 V 

-1 1 

N + 4 

-N 


Nitrons oxide is a colourless, odourless gas Avhicli liquefies at 0 °C 
under a pressure of 30 atm. It is rather soluble in water: at O^O one 
volume of water will dissolve 1,3, and at 25^0, 0.0 volumes of N./). 
Uf)on dissolving nitrous oxide does not comlnne with the water. 

Nitrous oxide is an endothermal compound, easily decomjiosed by 
heat into nitrogen and oxygen: 


2 N./) - 2 Ng + O 2 I 17.7 Cal. 
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therefore it supports eombustioii well. A glowing s|)lint lowered into 
fiitrous oxide bursts into flainc, like in pure oxygen: ])hosj)liorus. 
sulphur and other substances also burn vigorously \u nitrous oxide, 
liberating nitrogen. 

Inhalatioj) ol small (pifintities of nitrous oxide deadens ])ain, so 
t hat the gas is sometimes us(vl in mixtures with oxygen as a»i anac^sthetic 
(luring light operations. Large quantitic^s of nitrous o.xide ex(*ite the 
nervous system, for which rea.son it was formerly' called ‘Maughing 
ga.s.J' 

A/7r/r oxide NO. I nder ordinary coiiditions nitiogen and oxygen 
will not react with one another. But at vctv high tenqKMatines, for 
instance, when electric sjiarks are 
passiMi through air, nitrogen is (capable 
of combining direcitly with oxygen 
to form nitric oxide. That is why 
nitric oxide always forms in the 
atmosphere during thunderstorms. 

The formation c)f nitric oxide by 
an electrical discharge can be illus¬ 
trated by" the following exjierijnent. 

Tuo thick co])|)er wires are passed 
thi’ough stoppers in the side necks of 
a largo flask (Fig. 07) ami coniiocted Ki^. !t7. Apparatus for .l.-uioti- 

to the ])oles of a large induction coil, stmtin^ ( oinbustion of iiiirnfrt Ti 

When current is ])asse(l through the coil hi oxygen 

a (;ontinuous syiark aj)])ears between the 

ends of the wire and aboAX’s it there appears v(>llo\\'ish flame of 
nitrogim ‘‘burning” in oxygen. 

The reaction of formation of nitric oxide from nitrogen and 
oxygen is reversible and is accompanied b\' the absorption of a 
large qiuMitity of heat: 

Ng + (>2 ^ 2 NO 43.2 (’a1. 

At low temperatures tlie equilibrium of this reaction is prcactically 
shifted completely to the left, that is, the amount of nitric oxide 
formed is infinitesimal. As the tem]>erature rises the ccpiilibrium begins 
to shift to the right, but so slowly that even at 1,000° C the gas mixture 
contains only about 1 per cent nitric oxide. If the temperature is 
lowered the nitric oxide again deccjinposes into nitrogen and oxygen, 
but if the gas mixture is cooled very" (juickly the eiyuilibrium does not 
get a chance to shift immediately and does not shift afterwards due 
to the very slow" rate of the reaction at low temperatures, so that 
almost the entire quantity of NO formed at the high temperature 
remains in the mixture. The practical application of this reaction wull 
be discussed in § 143. 
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Nitric* oxide is usually ])re})ared iu the laboratory by the action 
of dilute nitric acid on coj)per: 

Cu i S HNO 3 Vu (NOa). f 2 NO f 4 HoO 
or in the ionic form 

3 Cu + 2 NO./ ! S H • - 3 Cii ' * i 2 NO { 4 I I .0 

Nitric oxide is a colourlc\ss gas, very diflicult to coiidcMise. Licpiid 
nitric oxide boils at loI.S'C and solidities at l(i3.7'(’. It is 
slightly sohil)le in Avater: one volume of water Avill dissoK e only 
volume of NO at 

As to chemical ju-opertic's, nitric oxide is classc*d as an iiidift’caent 
oxide, since it forms no acid. 

Nitric oxide Joses its oxygen with greater difticulty than the othcj’ 
oxides of nitiogen. That is Avhy the only sul)stan(‘es that can burn 
in it are those capable of combining A'igorously with oxygen, such as 
])hosphorus. Jhit a burning candle, s]>lint or j>iec;e of sul])luir are 
extinguished if lowered into nitric oxide. 

The most chai*act(‘ristic ])ro]KM‘ty of nitric* oxide is its ability tt) 
comhine Avith oxygcui very readily, Avitliout being heatc^d, giving blown 
nitrog(*n dioxide: 

2X0 + Oo- 2 NO. I 27 ( al. 

If, for instance, a cwlinder lillc^d with nitric^ oxide is o[)ene(l, a l)rown 
cloud of nitrogen dioxide imnu'rliatc*ly appeal's at its mouth. 

Nilruc/cn dioxide is a brown poisonous gas Avith a c*haT*act(‘rist ic 
odour. It can easily be cxindc'iisc'd into a loddish licpiid (b.]). 21 . 3 ^ 0 ). 
the shade of Avliich gradually bec*(mic\s light(*r as it is cooIcmJ. At 
—IOC it freezes into a (?olourk*ss crystalline mass. On the other hand, 
Avhen heated, gasc^ous nitrogen dioxide* groAVS darker and at 140' 
becomc‘s almost black. Tlic^ change in colour of nitrogcui dioxide Avith 
rising temperature is accompanic'd by a change in the density of its 
A'apours. At a low temperature the vapour clensity corresponds ap 
])roximatcly to the double formula N.,() 4 . As the tempcTature rjsc‘s 
the vapour dc'iisity decreases and at 140' exactly crorresponds to the 
formula NO,^- Hence it follows that the colouriess c^rvstals existing 
at —Hf and lower probably c^onsist entirely of N^O.j molecmles ancl 
may be called nitrogen fetroxide. When hc*ated, the colourlc'ss nitrogen 
tetroxide gradually dissociates to form molecules of dark brown 
nitrogen dioxide NO^; complete dissociation occurs at 140^(\ There¬ 
fore, at tcmi])eratures bc^tAvecn —10 and -1-140'^ this substanc?e is 
always a mixture of NOg and N 2 O 4 mok'cules in ecpulibrium with each 
other: 

N 2 O 4 2 NO 2 -13.6Cal. 

lUO p. (;. 100 ]). V. 

at U) C at f 140'^C 
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Above*' 140 N02 begins to dissociato into \() and oxygen. 

Nitric dioxide is a very active oxidant. Many substances can l)urn 
in nitrogen dioxide, abstracting oxygen from it. Sul|)lnir dioxide is 
oxidized by it into siil|)lniric anhydride, this being the basic prin¬ 
ciple of the lead-chainb(T ])ro(H\ss for the inannfaetnre of sulphuric 
acid (see § 12S). 

Nitrogeui dioxid(‘ \a])onrs are^ quite poisonous. Inhaling them 
irritates the respiratory tiact f)a(lly and may lead to serious ])oison- 

When dissolved in \vat(‘r nitrogen dioxide, or rather tx^troxide, reacts 
A^ith the water to form nitric and nitrous acids: 

Not>4 i Hot) HNO;^ ^ HNOo 

But niti*ous acid is v(a'y unstable and decom|)Oses rapidly into 
nitric a(*id, nitric oxide and water: 

HNOo HNO^ i 2 NO + \\J) 

'I'herefore, |)ractically the reaction between nitrogen dioxide 
(tetroxide) and water, es]iecially warm water, ])rocee(ls a(*co!'ding to 
tlu* equation 

N2()4 2 H oO - 4 HNO, -i- 2 NO 

which can easily be obtained by multiplying tlie lirst of the two 
foregoing equations by II and adding the second to it. 

The oxygen of the air immediately oxidizes the nitric oxide tlius 
formed into nitrogen dioxide, so that in tlu^ ])resence of air the NOg 
clianges completely into nitric acid. This reaction is of v(u*y great 
t(*clniica] importance and is utilized in modern processes for tlu* pro¬ 
duction of nitric acid. 

If nitrogen dioxide (tetroxide) is dissolved in alkalis, a mixture ol 
nitrat('s and nitrites results: 

Nao ()4 I 2 NaOH NaNOj, -} NaNO^ f HgO 

The above reactions of nitrogen tetroxide with water and with 
alkalis show that the valency of one of the nitrogen atoms in its mole¬ 
cule is I 5, and that of the other +3. Thus, nitrogen tetroxide may 
be regarded as a mixed anhydride of nitrous and nitric acids, its 
structural formula being written as follows: 


Ox4v mi 

--N-0 

O 
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If w(^ <*()unt up the total jiuiuIhm* of valoiicx' t>IiH*troiis o(’ all the atoms iii 
the moleeules NC) aiul NO.,, we liiid that it o(juals r(\spec*tivelv 11(5 4 6) and 
17(5 -f2x6), is an odd number in botli eases. Nitric^ oxide and nitrogen 
dioxide belong to the Jiiniti'd number of jnole(‘ules liaving an odd luunber 
of electrons. Such moleeules Ix'have ehemieally like fnu' atoms, wlii(;h also 
eontaiTi impaired (‘k'etrons. M(»teeul(^s with un{)ain'd electi‘<)ns are called Iroe 
radicals. 

Nitrogen trioxide or nitrous anhydride is a dark blue liquid 

boiling at and decoui]>osiug thereupon into iiitrie oxide and 

nitrogen dioxide. A niixtiire of equal volumes of tiitrie oxide and nitro¬ 
gen dioxide forms nitrogen trioxide again when eooled : 

NA):j NO i 

Nitrogen trioxide corresponds to nitrous acid. 

Nitrogen pentoxide or iiitric anhydride is a solid crystalline 

substance melting at *Mf(\ It can ])e obtained by the action ofphos- 
])horus ])entoxide on nitric acid; 

2 HN()3 fPA- i 2 HPO, 

Nitrogen pentoxide^ is a very active oxidant. Many organic substances 
burst into flame u])on coming into contact with it. Nitrogen [)entoxide 
dissolves readily in water to form nitric acid. 

141. Nitrous Acid lINOg. if potassium or sodium nitrate are heated 
they lose i)art of their oxygen and pass into salts of nitrous acid HNO^. 
The decom])osition takes ])lace more readily in th(‘ presence of lead, 
which binds the oxygen liberated: 

KN();j 4 Pb -- KNO, f PbO 

The salts of iiitious acid, called nitrites, are crystalline substances, 
quite soluble in water (except the silver salt). Sodium nitrite NaNOa 
is widely used for the manufacture of various dyes. 

If a solution of any nitrite is treated with dilute sulphuric acid 
tlie result is free nitrous acid: 

2NaN()2 i H 2 SO 4 - Na^SO^ ; 2 JIN(), 

It is classed as a weak acid (K ~:5xl0 and is known only in 
very dilute aqueous solution. If the solution is concentrated or heated 
the nitrous acid decomposes, forming nitric oxide and nitrogen 
dioxide: 

2 HNO, - NO + NO 2 4 H.O 

Nitrous acid is an active oxidizing agent, but at the same time, 
under the action of other more active oxidants, can itself be oxidized 
into nitric acid. 
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142 . Nitric Acid. l*ui‘e nitric? ac?id is a colourless licjuid with a specific 
^rravity of 1 . 53 , boiling at and freezing at 4 r'(^ into a trans- 
|)arent crystalline jnass. In tlie air it “fumes. ’ like concentrated 
liydrochloric acid, as its vapours form minute mist drops with the 
moisture of the air. 

Nitric acid is miscible with water in all proportions. A 68 per cent 
solution boils at 120 . 5 '(! and can be distilled without alteration. 
This is the composition of the usual nitric acid of commerce, wdiich 
has a specific? gravity of 1 . 4 . The concentrated acid, containing 96 
to 98 per cent HNO.j, and c?olc)urc?d rc?ddish brown due to the nitrogen 
dioxide dissolved in it, is known as funiinrj nitric acid. 

Nitric acid is chemically not very stable. Unclcn- the influence even 
of light it decom])oses gradually into w^atcT, oxygen and nitrogen 
dioxide: 

4 HNO., 2 HA) r 4 N()^ r O, 

The higher the tem])erature and the more conc?(?ntrated the acid, 
the? more rapidly it decomposers. That is Avhy nitric acid ])jeparecl 
i'rom saltpetre is always yellowdsh in 
c’olour, due to the prescrncre of nitrogen 
dioxide. To avoid decojiiposition, the acrid 
is distillcHl under a ])ressure low' enough 
for the nitric acid to boil at a tem])eraturc‘ 
of about 20® C. 

Nitric acid is one of the strongest acids; 
in dilute solution it is dissociated com- 
plcrtely into H’- and NOj/don. 

41 ie most characrteiisti c} u'operty of n it r ic 
acid is its prc^nouncecl oxidizing capacity. 

Nitric acid is one of the most pmverful 
oxidants. Many non-metals are oxidized 
readily by it into the corresponding acids. 

For instance, if sul|)hur is boiled w ith nitric 
acid, it gradually oxidizes into sulphuric 
acid, phexsphorus into phosphoric acid, etc. 

A glowdng coal low^ered into nitric acrid not 
only fails to extinguish but, on the contrary, Fiij. 98. Ignition of lurjxMi- 
l>egins to burn brightly, decomposing the nitric acid 

acid into reddish-brown nitrogen dioxide. 

Sometimes so much heat is liberated during oxidation that the 
substance oxidized ignites spontaneously without having to be pre¬ 
heated. 

For instance, pour a little fuming nitric acid into an cva])orating 
dish, put the ciish on the bottom of a wide beaker and add scmie 
turpentine from a pipette, drop by drop, to the acid in the dish. 
As each drop falls into the acid it ignites and burns with a large flame, 
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forming a cloud of soot (Fig. 98). Heated sawdust can also be ignited 
with a dro]) of fuming nitric acid. Nitric acid attacks almost all tlu‘ 
metals except gold, ]>latiniim and a few rare metals, converting tluvni 
into nitrates. As the latter are soluble in water, Jiitric acid is constant ly 
used in ])ractice to dissolve metals, especially siudi as cop})er, silver, 
lead whi(;h are ]iot attacked or are atta(^ked very fec^bly by other 
acids. 

It is noteworthy that some metals (iron, aluminium, etc.), which 
dissolve readily in dilute nitric acid, will not dissolve in cold con¬ 
centrated nitric acdd. as was discoxtTed by Lomonosov. This is ap¬ 
parently due to the foiination of a thin, very dense film of oxide on 
their surface, ])rotectijig the metal from the further action of the acid. 
After treatment with (umcentrated nitric acid such metals becouH* 
“])assive," i.e.. los(‘ their capacity for dissolving in dilute.acids as 
well. 

The oxidizing ])io]>erties of nitric acid are due to the instability 
of its molecules and the presem^c of nitrogen in its highest state of 
oxidation. cones])onding to a positive vakuicy of 5. When oxidizing, 
nitric acid is reduced successively into the following com])ounds: 

iV \\ -Jll ; II T a - Jil 

HXOj, > NO, - V HNO, ^ NO > N ,0 — N, > NH, 

The degree of reduction of nitric acid de])ends both on its concentra¬ 
tion and on the activit\- of the reductant. The more dilute tlu^ a(;id. 
the greater it is reduced, tbneentrated nitric acid is always reduced 
to NO,. Dilute nitric a(ad reduces usually to NO, or, under the ac¬ 
tion of the more active metals, sucli as Fe. Zn. Mg, to NoO. But 
if the acid is very dilute the chief reduction product is NH^, which 
forms ammonium nitrate NH 4 NO 3 with the excess acid. 

T{y way of illustration the equations (un])alanced) of sc'veral oxi¬ 
dation reactions involving nitric acid are given below-: 

1) Fb -i HNO 3 Pb(N03)2 -f NO 2 i H,0 

COMC. 

• 2 ) ('ll + HNO, Cu(NO,) 2 -i NO ; H ..0 

<iii. 

:{) 4 HNO, > Mg(N03), f N./) ! H,0 

<iii. 

4 ) Zn ! HNO3 >Zn(N03).^ -f NH4NO3 f HjO 

vorv (III. 

We k^ave it to the student to balance the ecpiations of these re¬ 
actions. 

It should be noted that the action of dilute nitric acid on metals 
does not. as a rule, lead to the liheration of hydrogen. 
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When oxidizing non-rnetals, nitric acid is usiiallv rcchiced to NO. 
l<V)r (‘xainple: 

S 1 2 HN(),- H^SO, f i>N() 

T\w above (filiations illustrate thc' most typical (fiscs ortlu' oxidizing 
action of nitric acad. (nMKaally. however, it should be notifl that all 
oxidation reactions involving nitric acid are very (*oin])lex. due to the 
simultaneous formation of various reduction prodiuts. and cannot 
be considered ciuit-e clear as yi^t. 

A mixture consisting of one volume of nitric and thiee volum(\'< 
of hydrochloric acuds is calkfl a(fun mjia. A(|ua legia dissolves certain 
metals which do not dissolve in nitric aiid. including gold, the ‘‘king 
of nudals.” Its a(dion is due to the fact that nitric acid oxidizes hydro- 
chlori(‘ acid, liberating free chlorine and forming nUrosfil chloridr NOCI: 

: III 

Hi\(),4- 3 HCI- (1, l>H,04 N()(1 

Nitrosyl chloride is an intermediate reaction piodiud and de(f>m- 
pos(>s into nitric oxide and chlorine: 

2N()(1-2N0-^ (% 

I'Ik? chlorine liberated combines with the metals forming m('tal 
chlorides, and therefore. M’hen metals are dissolved in aipia regia 
they are converted to chlorides, and not nitrates: 

Aii f 3 HC1-: HNO,-AuCl, ! NO f 2 11,0 

Nitric a(ud attacks many organic substances, substituting one or 
several hydrogen atoms in the molecule of the organic compound by 
nitro*groups, NOg. This ])rocess, known as nUratiov, is of gieat im- 
|)ortance in organic chemistry. 

If nitric acid is treated with phosphorus p(nitoxide, the lattei* 
abstracts the elenumts of wabu* from tlie nitric acid, forming nitrogen 
pentoxide and metaphos])horic acid. 

2 HN()3 + r205-N205 4 ^ HPO, 

Nitric acid is the most important compound of nitrogen owing to 
its diverse applications in the national economy. 

Nitric acid is used in large quantities for the manuiacture of nitrogen 
fertilizers and organic dyes. It is used as an oxidant in many cliemical 
processes, is emj)loyed in the manufacture of sulpluiric acid by the 
iead-(jhamber process, serves for dissolving metals, for the preparation 
of nitrates, is used in the manufacture of cellulose varnishes, cinema 
film and in a number of other chemical processes. Nitri(^ acid is also 
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employed for the x)roduction of smokeless gunpowder and explosives 
used widcily in mining and various earth work (construction of canals, 
dams, etc.), as well as for military purposes. 

143. liulusirial Preparation of Nitric Acid. Nitric acid can be manu¬ 
factured by three methods which will be described in the chronological 
ord(jr of their use in industry. 

1 . Preparation of nitric acid frora Chile saltpetre. The oldest method 
of ])re])aration of nitric acid, employed as far bacdc as the middle of 
the XV11 century, consists in heating Chile salt])etre with concentrated 
snl])huric neid : 

XaNO, -l HoSO^^^NaHSO.-l- HNO., 

The vapours of nitric acid liberated upon heating are passed into 
a water-cooled rece])tacle, where they condense into a licpiid. If gently 
heat(>d in aji excess of sulphuric acid, the reaction leads to the forma¬ 
tion of the acid salt. But if saltpetre is taken in sufficient quantity 
and the mixture is heated more strongly, thci normal salt results; 

L>NaNO, f H,S() 4 -Na 2 S()i-f 2 UNO;, 

However, in this case a (considerable amount of nitric acid is lost 
during the reaction due to decomposition. For this reason the process 
is adjusted to take place a(?(Jo?*ding to the first equation. 

Up to the beginning of the ])resent 
century this was the only process used 
commercially for the manufacture of 
nitric acid. It has since been almost 
completely replacjed by other methods 
bas(Ml on the fixation of atmospheric 
nitrogen. 

2 . Production of nitric acid from air 
hy the arc method. I^his method, sug¬ 
gested b^-Birkc land and Eyde,and first 
i?i ina^nu^tic (unjiloved industrially in Norway in 
1H05, is based on the direct union 
of nitrogen with oxygen, as described 
in §140. The high temjxu-ature rcquiied for this reaction is obtained 
by means of an electric arc fed by a powc^rful source of electric 
current. If th(‘ flame of the electric arc is brought between the 
two ])olos of a strong electromagnet (Fig. 90) it becomes disc-shaped, 
greatly increasing the surface of the flame. Such a fiery disc, up to 
three metres in diameter, is struck in a special furnace, built of refrac¬ 
tory brick, in which the temperature rises as high as 3,000 or 3,500° (\ 
Air is blown into the furnacje through channels in its walls. Coming 
into contact with the flame of the ele(jtric arc, the air is strongly 
heated and part of it combines into nitric oxide. 
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Tlie gases discharged from the furnace, containing 2 to 3 per cent 
nitric oxide, are cooled rapidly to 1,()()() or 1,100® C to keep the nitric 
oxide formed from decomposing back into nitrogen and oxygen. When 
the gas mixture is further cooled, the nitric oxide combines with 
oxygen to form nitrogen dioxide, w^hich is absorbed by water and 
(jhaiiges into nitric acid. 

The manufacture of nitric acid by the above method ixMpiires a 
great amount of electric power, and it developed mostly in Norway, 
which possesses vast resources of (dieap electric power. By 11125 the 
world j)roduction of nitrogen comjiounds by the ai*c process had 
!•eache(l 42,000 tons per year (recalculated for nitrogen). Lately, 
however, the arc process has been employed on a considerably smallei- 
scale, as it was found that nitric acid could be manufiictured mon* 
economically by the oxidation of synthetic ammonia. 

3. ProdiicHon of nUric acid by oxidalion of ammonia. The most im¬ 
portant method of nitric acid production nowadays is tlie catalytic 
oxidation of ammonia by the oxygen of the air. It was indicated, 
w hen describing the pro])erties of ammonia (sec p. 3()()), that the latter 
burns in oxygen, forming w^ater and free nitrogen. But in the presence 
of catalysts the oxidation of ammonia may take a different course. 
If, for instance, a mixture of ammonia and air in definite proportions 
is passed through a red-hot platinum wire gauze, which serves as a 
catalyst, at 750® C the ammonia is transformed almost quantitatively 
into nitric oxide: 

4NH3.f 50.-4 NO f GHgO 1-215.8 (!al. 

The nitric oxide is easily transformed into nitrogen dioxide wliich 
combines with water to form nitric acid. 

The catalytic oxidation of ammonia into nitric acid has been know^n 
for a long time, but only in the early XX century w^as this process 
used successfully for the commercial production of nitric acid. In 
early apparatuses for the oxidation of ammonia the catalyst was 
|)latinum. At jxresent an alloy of platinum and rhodium containing 
live to teji per cent rhodium is used more often. The yield of nitric 
oxide is 96 to 98 ])er cent. 

Fig. 100 is a diagram of an ammonia oxidation plant operated at 
atmospheric pressure. Air, frt^ed by filtration from mechanical im¬ 
purities, is blowui by means of fan 1 into heat exchanger 2 w here it 
is heated by the gases discharged from the contact apparatus to a 
(em]3erature of about 300® C, after wdiich it passes into mixer 5. Fan 
4 blows gaseous ammonia into the same mixer. From here the ammonia- 
air mixture, containing 10 to 11 per cent ammonia, enters contact 
apparatus 5, consisting of two hollow' cones j^laced base to base. 
Several screens of thin platinum-rhodium wire, used as the catalyst, 
ai'c fixed horizontally in the wide part of the apparatus. In the contact 
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apparatus the anunoniuiu is oxidized into nitric oxide. The hot gas 
juixture dischai*ged from the contact apj)arat.us goes through the heat 

exchanger. \n here it is cooled to 
500-550'^(\ and then [)asses 
consecutively tlu’ough a steam 
boiler (to utilize the heat). 
s|)ecial cooleis and, tinally, ah- 
sorption towers, in wh ichmainly 
the nitric oxide is oxidized into 
nitrogen dioxide, and the nitric 
acid is formed. 

The a(ad obtained in tlie 
towers usually contains about 
50 to 55 ])ei* cent UNO.,. It i> 
coneentrated by distillation 
with sulphuric acid, which 
serves as a means of hold ing back 
the water. Jiesides. a nudhod 
has bee]i devadoped lately for 
the manufacture of concen¬ 
trated nitric acid by the reaction 
between licpiid nitrogen dioxide 
and water (or dilute nitri(‘ acid) in the presence of oxygen at 50 atm. 
])ressure and a tem|)erature of 75''(\ The leaction proceeds ac(5ording 
to the following summary e(|uation: 

2 (>2 ‘ ^ 4 HNO 3 - 14.2 (^al. 

By this method, called ‘‘direct synthesis,’’ OS per (*ent nitii(* acid 
is obtained directly. 

.At piesent most of the? vast (piantities of iiitric acad ])roduced is 
obtaiiied by the oxidation of ammonia. And since most of the ammonia 
is ])repared by synthesis from the elements, this method in the long 
run, like the previous one, is based on the tixation of atmospheric 
nitrogen. 

The founder of the Russian home manufacture of synthetic nitric 
a(dd was 1. Andrc\'ev. an engineer, who in 1914 first raised the question 
of the organizatioji in Rus.sia of nitric acid production by tlie oxidation 
of ammonia obtained during the carbonization of coal. Andreyev made 
a tliorough study of the oxidation of ammonia over catalysts prepared 
under his suj)ervision. and built a xulot ])lant. The experimental data 
obtained at this jdant were used in designing the first Russian synthetic 
nitric acid ])lant Avhich was started up in July 1917. The expe¬ 
rience gained at that plant was widely used by Soviet engineers in 
designing new ])lants built during the years of the first fi\'e-year 
T)lans. 


Nitrous gases dOO"" 
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141. Salts ol Kitric Acid. Tlic salts of iiilrie acid are known under 
the generic name of nitrates. They are usually obtained by the action 
of nitric acid on the cor res] >011 ding metals or metal oxides. 

Nitrat(\s are very soluble in water. When heated dry all nitrates 
de(;om])os(i. liberating oxygen, the nitrates of the most active metals 
splitting off only ])art of the oxygen and j)assing into nitrites, salts of 
nitrons acid: 

:2 KNOg ~2 KNO. f O. 

Hut the nitrates of the majority of other metals decom])ose into 
the nudal oxide, oxygen and nitrogen dioxide. For exam])le; 

2 (;u(NC) 3).-2 Cut) i- 4 NO.-r (>2 

S])litting off oxygen readily, nitrates ar(^ very powerful oxidants 
at high tenpxTatures. On the otlnu* hand, their acpieous solutions are 
almost devoid of oxidizing ijroperties. The most important are the 
iiitiates of sodium, potassium, ammonium and calcium, which are 
sometimes known by the common name of nitres. 

Sodiiwf nitrate or .sodium nitre XaNO^, known also as ('/file mJtpetrc, 
occurs in large (piantities in nature only at one ])oint of the globe, in 
the l\e])ublic of ('Idle, whence it received its name. 

Potas.siuw nitrate or potasmum nitre KXO^, known also as .saltpetre, 
Ibimd in nature in minor (juantities, is mostly ])re])ared artilieially 
by th(‘ (‘xchange reliction between sodium nitrate and potassium 
chloride. 

Fotassium lutrate is us(‘d for the manufocture of blacic (junpomder. 
which is a s])ecially treated mixture of saltpetre, sul])hur and charcoal. 
It 4 isually contains 75 ])er cent salt])etre, 10 per cent sulphur and 15 
])er cent charcoal. 

'riu' combustion of gun])owder is a com])licated process involving 
several reactions. The gases formed during t his process, of which tlu^ 
most im])ortant are nitrogen, carbon dioxide and carbon monoxide, 
occuj)y a volume aj)proximately 2 thousand times as large as that of 
th(^ ])owder burnt, which accounts for its ex])losive power. Besides 
gas(‘oiis substances, the combustion of gunpowder r(\sults in solid 
substan(*(\s, namely, .K 2 CO 3 , K 2 SO 4 , K^S, etc., which form smoke and 
leas e a dc'posit in tlie gun l)arrel. Under the action of the moisture of 
the air K. 2 S decomposes ])artly, liberating hydrogem sulphide. That is 
why the odour of hydrogen sulphide can always be detected coming 
.out of the muzzle of a gun after using black gunpowder. Sodium 
nitrate is not used to prepare gunpowder as it is very hygroscopic. 

Ammonium niirale or ammonium nitre NH 4 N ()3 is ])repared by 
neutralizing nitric acid with ammonia. Is used as a fertilizer. Forms 
explosive mixtures, known as ammonals, with various combustible 
substances. Ammonals are used extensively for industrial blasting. 
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Calcium nilratc or calcium nitre C'a(N() 3)2 has been manufactured 
in large quantities since the l)eginning of the present century by 
neutrali/ang nitric acid with lime; is used as a fertilizer. 

145. Development ot the Nitrogen Industry in the U.8. S. R. The 
nitrog(*n industry embraces chiefly the production of ammonia, nitric 
acid and nitrogenous fertilizers. Its development in the U.S.S.K. was 
initiated in D)27 by the start-up of the first synthetic ammonia plant 
in the Soviet Union at the Chernorechensk Chemical Mill. Although 
t he te(?hnol()gy of ammonia production at this mill was far from ptM’fect 
and the capacity of the plant not large, the Chernorechensk Mill 
played an important role in the founding of the Soviet nitrogen 
indust ry, as a school for mastering the new' complex process of ammonia 
synthesis under high pressure. 

During the years of the First and Second Five-^'ear Plans, several 
plants w'ere built in winch the synthesis of ammonium was combined 
w ith th(^ manufacture of nitric acid and nitrogenous fertilizers. Such 
cheniical industry giants as the Derezniki. Stalinogorsk, (iiirehik 
and other nitrogenous fertilizer combines put into o])eration during 
t his pcM'iod, were not inferior technically to analogous ])lants in foreign 
(‘ountries. ihe entire comjilex ('quipment of these plants, including 
gas comjiressors, circulation ])umps, ammonia synthesis columns and 
other ap])aratuses working under high jiressure, was manufactured 
at Soviet machine-building jilants and designed by Soviet engi¬ 
neers. 

Extensive research work carried out in the U.S.S.K. brought a 
number of important iinjiroveinents in the technology and equipnuuit 
of nitrogen plants. New^ catalytic compositions were develojied both 
for the synthesis of ammonia and for its oxidation into nitric acid. 
The management and o]>eratiiig jiersonnel of nitrogen plants have 
made great })rogress by way of intensifying production jirocesses, 
jiarticularly by the use of oxygen for oxidizing ammonia into nitricr 
acid. Methods of j^roductioii of concentrated nitric acid by ''direct 
synthesis” have been developed and introduced into industry. A new, 
simpler, highly productive method of prej^aring ammonium nitrate 
has been develo])ed. At the same time, the production of another 
important nitrogen fertilizer, namely, ammonium sulphate, from the 
ammonia of coke-oven gas j)Ius lead-chamber sulphuric acid, has been 
considerably extended. The production of calcium cyanamide, urea, 
sodium, potassium and calcium nitrates lias been mastered. 

The mighty nitrogen industry which grew up in the U.S.S.K. 
before the Great Patriotic War supplied the home agriculture with 
scores of times more nitrogenous fertilizers than it received in pre¬ 
revolutionary times. During the war the production of nitrogenous 
fertilizers was almost completely discontinued, but by 1946 the pre¬ 
war level had already been re-established and lately has been surpassed 
severalfold. 
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I4t>. Nitrogen Cycle in Nature. During tlie decay of or-gaiiic substances 
a considerable part of the nitrogen contained in them turns into 
ammonia which is subsequently oxidized into nitric acid by nitrifying 
bacteria, which live in the soil. The nitric acnd tlnis ])roduced reac^ts 
with the salts of carbonic acid contained in the soil, for instan(H\ 
with OaCOg, to fonn calcium nitrate: 

2 HNO3+ CaC03-(’a(N03)2+ 00, f H,/) 


But during decay part of the organic nitrogen always esca])es as 
elemental nitrogen into tlie atmosphere. Nitrogen is lilxu-ated also 
(luring the combustion of organic substances, when wood, coal. ])eat 
or other fuels are burnt. J^esides. there are bacteria which are capable, 
ill a limited sujiply of oxygen, of abstracting oxygen from nitrates, 
liberating free nitrogen. As a result of the activities of these? denitrifying 
ba(;teria, ])art of the (Munbined nitrogen passes 1‘rom the form assimilable 
by green plants (nitrates) into an ina(?cessible form (free nitn^gen). 
Thus, by no means all tlie nitrogen contained in dead plants is returned 
to the soil; some of it is constantly evolved in the free form and is 

therefore lost for the plants. 



The continuous depletion of mineral 
nitrogen (.‘onqioinids should have long 
since resulted in complete cessation of 



Fig. 101. Nodiili'-lbriiiiu^ Fig. 102. Nilrog('u (*ycl(? in luitiiro 

0ac1(‘ria on roots of bean Tilant 


life on the earth, were it not for the existence in nature of 
other jirocesses replenishing the nitrogen losses. These proces¬ 
ses include primarily the electric discharges occurring in the 
atmosphere, always leading to the formation of a certainnitric acid, 
amount of nitrogen oxide; the latter combines with w’^ater giving 
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whioh is traiisfonned into nitrates in the soil. Another sonre(‘ 
which kee])s continuously su])])leinenting the nitrogen compounds 
in the soil is the vital activities of the so-called adm/vur/erm, capabk^ 
of assimilating atmospheric nitrogen. Some of these bacteria in 
liabit tlie roots of ])lants of the bean family, causing the formation 
of (^h.aracteristi(^ swellings, called “nodules.'’ Ibaice, tlie name nodiilr 
hartf ria (Fig. 101). Assimilating atinos])herie nitrogen, nodule bacteria 
conveit it into nitrogen com^uninds. and ]dants. in their turn, conven-t 
the latter into ])rotcins and other com]de\ substances. That is why 
bean ])lants, (contrary to others, thrive excell('ntly in soils which are 
almost devoid of nitrogcMi coinf>ounds. 

The activities of hacteria which assimilate atjnos|)hei*ic niti'ogen are 
the main reason for the quantity of combined nitrogen in the soil 
rennaining more oi* less constant desj)ite its losses due to the decomposi¬ 
tion of nitrogen comi)oimds. This decom])osition is balanced l)v the 
formation of new nitrogcui com])ounds. and thus there' is a (continuous 
nitrogc'ii cycle in nature (Fig. 102). 


PIIOSIMIOKl S: lit. wt. 30.1)75 

117. JMiosplmriis in Nature. Preparation and Properties ol* Phosplioriis. 

Phosphorus is one of the more abundant elements, its cojitent in the 
('arth's (Tust b(‘ing about 0.12 ])er cent. Owing to its high oxidizing 
ability ])hosphorus doc's not occur in nature in the free state. 

Of the c(>ni]K>unds of phosphorus, the most important is the calcium 
salt of ])hosphoi'ic acid 0 a.j(P 04 ). 2 . which forms vast d('])()sits in places 
as tlie minei-al yhof<})horU(\ The largc'st ckqiosits of ])hosphorit(>s in t he 
r.S.S.l*. are in Southeiii Kazakhstan in the Kara-Tau Mountains. 
Allot tier iVequently occurring mineral is (rpaf ife. (Hmtaining C/aFo or 
Oa(‘lo besides Tinineiise de])osits of apatite vv(*re disccovered 

in the twenticcs of this c-entiiry on the Kola Peninsula in the Khiliiny 
Aloiintaius. The lesonrec's of this dcqiosit are the larg{\st in the 
world. 

Like nitrogen, ])hos])horus is quite indisptmsahle to all living 
ejcatmcs. It is contained in various jiroteins both of ])lant and animal 
origin. Jn jilants ])h()sphorus is containc'd mainly in the seed proteins; 
in animal organisms in the jiroteins of milk, blood, brain and nerve 
tissues, liesides. a large amount of ])hospliorus is eontained as calcium 
])hosphato ('a;,(P() 4)2 in the boiu's of vertebrates. Wlum bones are 
bniJit all the organic substanci^s are driven off, the residue consisting 
mainly of calcium |)h()s])hato. 

Free phosjihoriis was first isolated from urine as far back as the 
XVII century by the alchemist Brand. At ])reserit pliosx>horiis is 
prepared from cahnnm })hos])hate. For this ])urpose calcium phosphate 
is mixed with sand and coal and cakjined without access of air in special 
furnaces by jiu^ans of triectric current. 



147. PHOSPHORUS IN NATIJRK ASH 

To iindersiaiid tlie reaction that takes ])laee we must conceive 
ealciurn phospliate as a comjKmnd of cal(?ium oxide and phosphoric 
anliydride (3 CaO P./Jr,) ; sand, as vve know, is silicon dioxide or silicic 
anhydride SiO.,. At a high tenijK^ratnre silicjon dioxide displaces phos¬ 
phorus j)entoxide, and combining with (;alcium oxide, forms the 
calcium salt of silicic acid (-aSiO.j, while phosphorus f)ent()xide is 
reduced })y the charcoal to elemental yihosphoriis: 

3 ('aO I 3 SiO^ 3 (’aSiO;, f 1 %(>5 
l \()5 ! 5 (V 2 P f o(X) 

Adding up these two equations, we get: 

I 3 SiO.4- 5 (;- 3 CaSiO;j ~f :? P I 5 CO 

The ]>hos])horu.s lilxTated va])ouri'/es and is condensed in a collector 
under water. 

Phosj)horus has several allotropic modifications. 

phoHphonif^ r(\sults when phos])h()rus vapours are cooled 
rapidlA', It is (*rystallin(^ solid with a s])e(afic gravity of 1.82. Wlien 
])iire, white phosphorus is (piite colourless; the commercial product, 
liowevei’, is usually yellow in colour and greatly resembles wax in 
a|)pearance. In the cold white phosphorus is brittle, but above 15"'(j 
it softens and can easily be cut with a knife. White ])hos|)horus melts 
at 44.2‘’0 and begins to boil at 280.5^0. In the vapour form below 
800° C the j)hos])horus molecule consists of four atoms (P 4 ). In the air 
white ])hosplioru 8 oxidizes very ra])idly and glows in the dark. Hence 
its name ]>hosphorus which literally means “light bearing.'^ The slight 
amount of heat evolved by mere friction is sufficient to make phosphor¬ 
us burst into flame and biu-n, evolving a largo amount of heat. Phos- 
])liorus may ignite sj)ontaneously in the air due to the liberation of 
heat during its oxidation. To prevent white phosphorus from oxidizing 
it is kept under watei*. White phosphorus is insoluble in water, but 
dissolves readily in carbon disulphide. 

White ])hosphorus is a strong ])oison, mortal even in small doses. 

If white phosphorus is heated for a long time out of contact with 
air at 250 to 300° C, it turns into another modification of phosphorus, 
having a puri)le-red colour and called red phosphorus. The same 
transformation takes jdace, though much more slowly, under the 
action of light. 

Bed phosphorus differs greatly in properties from white. It oxidizes 
very slowly in the air, does not glow in the dark, ignites only at 
260° 0 , does not dissolve in carbon disulphide and is not poisonous. 
The specific gravity of red phosphorus is 2 . 20 . If heated strongly 
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red phosphorus vapourizes without melting and upon cooling turns 
into white phosphorus.* 

Black fhofipliorus forms from red phosphorus if the latter is heated 
to 350° C under several hundred atmospheres pressure. In appearance 
it greatly resembles graphite, is greasy to the touch, conducts elec¬ 
tricity well and is much heavier than the other modifications of 
phospliorus. The s})ecific gravity of black ])hosphorus is 2.70 and 
its ignition teni])erature is 400‘'(\ 

The chief field of appli(iation of phosj^horus is the manufacture 
of matches. Matches have become such a necessity in everyday 
life that it is difficult to imagine how ])eople ever got along without 
them. Meanwhile, matches have existed only for 150 years. 

The first mat(^hes, wliich a])peared in 1805, were wooden s])lints 
one end of which was coated with a mixture of potassium chlorate, 
sugar and gum arabic. These matches were ignited by wetting their 
heads with concentrated sul])hiiric acid. For this j)urpose the splints 
were dipped into a tiny ])hial containing asbestos moistened with 
sulphuric acid. The reason for the ignition of the mixture w^as ('xj)lained 
on T)age 310. 

Phosphorus matches, ignited by friction, were invented in th(‘ 
thirties of the last century. The match heads consisted of sulphur 
coated with a mixture of white ])hosphorus and certain substances 
rich in oxygen (minium Pb;j 04 or manganese dioxide Mn 02 ) held 
together wdth glue. These matches wwe called sulphur matches and 
were in use in Russia until the end of the XIX century. They ignited 
easily when rubbed on any surface, wdiich, though convenient,, made 
these matclK\s very dangerous from the j)oint of view of fire hazards. 
Resides, oAving to the poisonousness of white phosphorus, their 
manufocture was Aery injurious to the health of the w'orkers at 
match factories. Cases of poisoning by matches AA^ere also common. 
At present the manufa(;ture of sulphur matches has been discon¬ 
tinued in almost all (countries, having been forced out by safely 
matches, '.rhesc matches Avere first manufactured in Sw’edeii, for 
which reason they are sometimes know^n as Swedish matches. 

Only red phospliorus is used in the manufacture of safety matches, 
and it is contained not in the match head but only in the composition 
coating the side of the match box. The head of the match consists 
of a mixture of (*()mbustible substances with potassium chlorate 
and compounds catalyzing its decomposition (pyrolusite, Fe.^Og 
and others). TIh^ mixture ignit^^s readily if rubbed against the coated 
side of a match box. 

Bc^sides the match industry, ])hosphorus is used for military ])ur- 
])()ses. As the combustion of ])hos])horus results in a thick white 

* Re<l phosphorus is apparently not quite a hoiru)geTi€>oiis substanct*, hut 
fonsists ()f several modifications of ])hosj>horiis, which have not as yet be(*n 
studied thoroughly. 
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smoke, white })hosy)honis is used to fill smoke screen shells and 
hand grenades. 

Free phosphorus is very active. It combiners directly with many 
simple substances, liberating a large amount of heat. PlK)sphorus 
combines the most readily with oxygen, then with the halogens, 
sulj)hur and many metals, forming in tlie latter case ])hosphides, 
analogous to nitrides, such as Ca^P.^, Mg^Pjj, etc. 

All these properties are especially pronounced in wdiite phosphorus; 
red phosphorus reacts less vigorously, w^hile black yihosphorus 
generally enters into chemical reactions with great difficulty. 

148. Phosphorus Corripouncls with Hydrogen and the Haiogens. 
T^hosphorus forms three com])ounds with h\'drogen, namely, gaseous 
hydrogen phosphide PH 3 . liquid hydrogen ])lK)sphide P 2 H 4 , and 
solid hydrogen phosjihide 

Ga^seoiis hydrogen phosphide or phosyihine PH 3 can be yireyiared 
by boiling white y^hosy^horus with KOH solution or, more simydy, 
by the action of hydrochloric acid on calcium phosphide (\a 3 P 2 * 

+ 6 HCl - 3 CaCl2 ( 2 I^H^ 

(Gaseous hydrogen y)hosy>hide is a colourless gas with tlie odour 
of garlic, very poisonous. The y:)reparation of gaseous hydrogen 
])hosy)hide is sometimes accomyianied the formation of small 
amounts of liquid hydrogen y)hos])hide, the va])ours of w'hich ignite 
syumtaneously in the aii*. The yiresencc of P 2 H 4 accounts for the 
sy^ontaneous combustion of gaseous hydrogen y)hosy)hide observed 
sometimes during its preparation. 

The combustion of hydrogen yihosydiide results in })hosy)horus 
fientoxide and water: 

2PH3i 402-P2()5 1 3 H 2 O 

Like ammonia, hydrogen yihosyihide combines with hydrohalic 
acids (but not with oxyacids), forming salts in which the yiart of 
the metal is ])layed by PH 4 , called the idiosphoniiini grouy>, for 
instance, phosphonium chloride ]^H 4 C 1 . Phos])h()niuin salts are very 
unstable comyiounds; when brought into contact with water they 
decomy^ose into the hydrogen halide and PH3. 

Phosy)horus combines directly with all the halogens liberating 
a great amount of heat. Of practical im])ortance are mainly its com- 
])ounds with clilorine. 

Phosphorus trichloride PCI3 is yireyiared by passing chlorine over 
melted y>hosphorus. It is a liquid, boiling at 76° C. 

In w ater PCI3 undergoes comyilete hydrolysis into hydrogen chloride 
and ydiosyihorous acid: 

PCI3+ 3 HgO- H3PO3+ 3 H( n 
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If chlorine is ])assed through ])hosi)lu)riis trichloride the result 
is phosphorus peiitachloride TCis; a white solid, also hydrolyzing 
in water into hydrogen chloride and phosphoric acid. Phosphorus 
forms similar compounds with bromine, iodine and fluorine; however, 
in the case of iodine no (compound of the com])osition PJg is known. 

Phosphorus tricliloride and ])entachloride are widely used in tlie 
synthesis of various organic substances. 

149. Oxides and Acids olf Phosphorus. IMios])horus forms three 
com])ounds with oxygen, viz., phosphorous anhydride or ])hosplK)rus 
trioxide ]>hosphoric anhydride or phosjdiorus ])ento\ide J^oOr, 

and ])hosphorns tetroxide p 2 ^^ 4 * 

Phosphorus frioxide ])ref)ared by the slow oxidation of 

phos])horus or by burning phos])horns in a limited su|)])ly of oxygen. 
It is a white crystalline suijsiance melting at- 23.8' (' and l)oiling at 
173" (\ Its molecular weight at low tenpuTatures corresponds to tiu* 
formula P,|0,;. When treated with c(»ld Avater ])hosj)horus trioxidc^ 
cojubines with it slowly, forming phosphorous ((cid H 3 IM).,. J^oth plios 
phorus trioxide and ])hos|)horous acid are aeti\ (^ reducing agents. 

l^hosphorus pcufoxide 1*205 results from the com])ustion of phos- 
])horus in air or in oxygen, as a Avhite A^oluininous snow-like mass 
Avith a melting ])oint of oIkP (.\ Its A^npom• dcmsity cor!*es])()nds to 
the formula P/Iio- 

Phos])horus pent oxide combines avidly Avith water and is thus 
a good dehydrating agent. It is also ca])able of removing the elements 
of A\a1er from other comjxnmds, such as sulphuric and nitric acids 
(sec p. 377) In the air phosphorus pentoxide deliriuesces. turning 
ra])idly into a sti(^ky mass of nHd-aj)hos])hori(^ acid. 

Tlie molecular structure of ])hos])horus ti-ioxide and pentoxide 
can be jepjesented by the folloAving .structural formulas: 

O 



JMiOHplioriis trioxitio Phosphorus peiitoxido 


Phosphorus tetroxide P 2 O 4 is a colourless shiny crystalline substance. 
1'his oxide, like Njj 04 , may be regarded as a mixed oxide. When 
dissolved in water it forms equimolecular cpiantities of phosphoric 
and phos])horous acids: 

V., 0 , I 3 HaO - H3PO4 I H3PO3 
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The phmphoric acitLs. l)ep(‘iuling on the temperature ph()s])horus 
pentoxide is capable of com billing with different cpiantities of water 
to form wefn-. pyro- and or^Aophosphoric acids: 

4 - 1 lfPO;j (me///ph()sphori(; acid) 

P 2^^5 i - H 2 O--- H 4 P 2 O 7 (piyrophosj)horic acid) 

P./)^ I 3 H./)^ 2 H 3 lH )4 (or/Ao])hosphoric acid) 

When phos])honis pentoxide is dissolved in cold water the result 
is >}i(daphosphoric acid, the sim])lest formula of’ which is HPO.,; tlie 
actual com])osition of its molecule iscx])ressed by the formula (HPO.J.v, 
where .r = 3, 4, 5, 6 , etc. If a solution of wc/aphosplioric acid is eva- 
|)oratod, the latter se])arates out as a vitreous mass, readily soluble 
in water. 

Mr/Y/phos|)hori(* acid is very ])oisonoiis. The salts of ?/ 7 Y 7 r/phos- 
phoric? acid are used to soften water. 

If a solution of W(7r/])hosphoric acid is boiled, molecules of water 
unite Avith it to form tribasic or/Aophosphoric acid H 3 P() 4 : 

(H PO-Ov - .r H^O -- .tH3P()4 

Orlhophosphoric add. H-jPO, forms colourless crxstals melting at 
42' 0, It is very sohilile in water. 

Oy7Aoj)hosph()ric acid is not ])oisonous. 

When heated dry to 2ir)'^C every two molecules of or/Aoplios- 
phoric acid split off one molecule of watc^r forming tetrabasic pyro- 
phosphoric acid as a vitreous mass, soluble in wat(T: 

o 0 0 O 

HO . OH HOx /OH 

P O ; HiH-0 P< AP 0 P< i ILO 

HO^ OH HO OH 


2 H3PO4 H4P0O7 4 H2O 

The most important of the above three acids is o/7Ao]:)hosphoric 
acid and it is usually the one meant when ])hosphoric acid is men¬ 
tioned. 

Or^Aophosphoric acid can be prepared not only by boiling a solu¬ 
tion of mc/aphosphoric acid, but also by oxidizing red j)hosx)horus 
with nitric acid: 

3 P + 5 HNO 3 + 2 H 2 O - 3 H 3 PO 4 t 5 NO 
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Or/Aophosphoric acid is ])repared for technical inirpost's mostly 
by the action of sulphuric acid on calcium ])h()sphate: 

(:!a;,(P04)2 I 3 H 2 SO 4 - I 3 CaS04+ 2 Hj,P04 

As the calcium sul])hate formed is almost insoluble in water, tlie 
phos])horic acid solution can easily be se|)arated from it and then 
concentrated by eva])oration. 

Phosphoric acid is an acid of moderate strength. Its primary 
ionization coiistant equals 7.5 >: 10 In aqueous solution phos- 
])horic acid ionizes mainly into H*- and HoPOi'-ion. 

A tribasic acid, (»7Ao])lu)sphoric acid forms three series of salts: 
normal salts, acid salts Avith one hydrogem atom in the acid radical 
and acid salts with two hydrogen atoms in the acid radical. The 
normal salts of ])hosphoric acid are called pho,sphafc-s. the acid salts, 
hydrotjen or acid phosphalcs. 

NagPO.j: ('a 3 (JH) 4 ) 2 —normal, or tertiary, ])hosphates 

Na 2 HP 04 ; Ca 2 (H 1 ^ 04 ) 2 —secondary, hydrogen, or acid, j)hospliates 

NaH 2 lH) 4 ; (Ja(H. 2 pC) 4 ) 2 —})rimary, dihydrogen, or diacid. phosj)hates 

All the primal}^ l)hosphates are soluble in Mater; of the secojidary 
and tertiary phos])hates only those of sodium, potassium and am¬ 
monium are solubl(\ 

150. Phosphate FiTtilizers. TIk^ salts of ]>hosplK)i*ic acid arc? of 
es]iecially great importance in agricultine. As Avas mentioned aboA’o. 
phosphorus is contained in the ])roteins of ])lants. Therefore, it is 
just as important an element for ])lants as nitrogen. Plants reeei\e 
their phosphorus from the soil, in AAhich it< is contained as ])hosphoric 
acid salts. Put the phosj)horus content in soils is Awy low and a 
dehciency lowers the cro]) yield, especially of grain cultures find tubers 
(sugar beet). To increase the crops xarious phosphate fertilizers are 
introduced into the soil. 

Natural phosphorus compounds, phosphorites and apatites, con¬ 
tain phosphorus in the form of the insoluble tertiary phosphate 
Ca 3 (PO,)„ Avhich is difficult for plants to assimilate. To obtain 
readily assimilated fertilizers, plios])horites are treated chemically 
to convert tlie normal salt into an acid one. This is hoAv the most 
important phosphate fertilizers, called su])erph()sphate find ])iecipitate, 
are prepared. 

To produ(?e mpe/rpho^sphate, finely ground natural phosj)horite 
is mixed AAith enough sulphuric acid to total two molecules of H 2 SO 4 
for every molecule of (■a 3 (P 04 ) 2 . The mixture is vigorously mixed 
and charged into special continuous action chambers, where the 
folloAAing reaction is completed: 

Ca 3 (l>() 4)2 + 2 H 2 SO 4 - 2 CaS 04 + Ca(H 2 r 04)2 
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The reaction results in a mixture of gypsum and the i)rimary 
phosphate Ca(H 2 P() 4 ) 2 . which is com])aratively soluble in water. 
This mixture, ground or granulated, is known as superphos])liate. 

The manufacture of su|)erphosj)hate is one of the largest branches 
of the basic chemical industry, closely connected with the ])rodnction 
of sulphuric acid. Most of tlie sulphuric acid produced is used for 
the manufacture of .superj)hosphate. The output of su])erphosphat(^ 
only in the capitalist countries amounted to 22 million tons in 1953. 

Precipitate is a phosphate fertilizer containing secondary calcium 
plios])hate (■a 2 (HP() 4)2 or (^aHP 04 , which is insoluble in wat(M‘ 
i)ut dissolves in the acids contained in soils. 

To ])repare ])recipitate free y)hos])horic acid is lirst evolved from 
])hosphorite by treating the latter with a greater (piautity of sul¬ 
phuric acid than is necessary for the ])roduction of snp(Tj)hosphate: 

(^a,(P04)2 f H 2 SO 4 -- I 3 (^aS ()4 ! 2 H.PO^ 

The ])hosphoiic acid solution is decanted from the ])reci|)itate, 
which contains gyiisum and other insoluble admixtures, ami milk 
of lime, i.e., a suspension of lime in water, is added to it in suflicient 
quantity to form the secondary phos])hate: 

H3P()4 i (^a(()H)2 - I (P()4 • HX) -f H .O 

The crystalline y)recipitate is se])arated from the liquid and carefully 
dried, so as not to drive off’ the Avater contained in the crystals. This 
salt is assimilated readily by ]>lants if it has not lost its water of 
crystallization. 

A third type of |)hos])hate fertilizer, produced lately in large quan¬ 
tities, are the ammonium ])hosphates, known as ammophoses. The 
most im])ortant of these is dkirnmophos (NH.,) 2 UP 04 . Ammoplioses 
are complex fertilizers, containing nitrogen besides phosphorus. 

Before the Jlevolution the phosphatt^ fertilizer industry was in 
its embryonic stage in Russia. In 1913 the output of the few existing 
su])er])hosphate ])lants totalled only 70 or 80 thousand tons. 

The construction of new plants began only in 1925-26 and im¬ 
mediately assumed a large scale. During the pre-w^ar five-year periods 
a number of large plants for the production of phosphate fertilizers 
were erected. By 1938 the U.S.S.R. occupied the first place in Europe 
for the production of superphosphate. 

The production of mineral fertilizers now' occupies first place in 
the output of the chemical industry of the U.S.S.R. 

In 1955 the total output of all mineral fertilizers (including phos¬ 
phate fertilizers) amounted to 9.6 million tons. It will grow even 
higher during the Sixth Five-Year Plan. The output of various 
mineral fertilizers in 1960 will reach 19.6 million tons, including 
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a considerable increase in the production of the most effective ferti¬ 
lizers. For instance, the yearly out])ut of concentrated phosphate 
fertilizers will be about one million tons. 

AKSENJC SlUUilROl P 

J5I. Arsenic (Arseiiiciiiii); id. wt. 74.91. Arsenic occurs ii^ nature 
mainly as compounds with metals and sul|>hur and but rarely in 
the native state. The content of arsenic in tlu^ earth's crust amounts 
to (t00005 ])er cent by weight. 

Aisenic^ is usually ol)taincd from rNif<pickel (armnopyritv) F(‘AsS. 
When heated out of contact with the air. this mineral decomposes 
into iron sul})hide and arsenic, which sublimat(\s. owing to its 
volatility. The resulting product is usually impure and has to be n' 
fined. Ihirc arsenic is a dark grey crystalline substance with a metallic 
lustre and a s])ecific gravity of 5.7.‘k It is vctv brittle and is quite a 
good conductor of lieat and (‘l(Hqj*i(uty, its electrical conductivity l)eing 
only 2*2 times less than that of co])pcr. 

lake j)hosphorus. arsejiic forms several allotro])ic modilications. 
Besides grey crystalline arsenic mention should be made of black 
amorphous arsenic, obtained by the decomposition of hydi’ogen ai*se- 
nide. All the allotropic modilications of arsenic sitblime when luNat-ed. 
without melting. 

Arsenic is insoluble in water. In the air it oxidizes very slowly at 
ordinary temperatures, but burns if heat(‘(l strongly, forming white* 
arsenious anhydride As. 2()3 and giving rise to a characteristic garlic- 
like odour. At a high temperatun^ arsenic will combine directly 
with many el(*nK‘nts. 

Arsenic is t ri- and pentavalent in its com pounds. 

Klemental arsenic and all its compounds are |)()isonous. 

Arsenic trlhydride, hydroyen arsenide, or arsine, AsH.,, is a 
colourless, very p<nsonous gas with a characteristic garlic-like odour, 
slightly soluble in water. Hydrogen arsenide forms wlieji any 
arsenious compound is reduced by nascent hydrogen. For instance; 

AsgOa i () Zn f 6 H 2SO4 2 AsH., -f 0 ZnS()4 1- 3 H^O 

Hydrogen arsenide is rather uustal)le, and Avhen heated decom])oses 
readily into hydrogen and elemental arsenic. 

Advantage is taken of the ability of hydrogen arsenide to decompose 
when heated for the detection of arsenic in various substances. For 
this ])urpose the .apparatus shown in Fig. 103 is employed. It consists 
of a double-necked bottle for the prepaiation of hydrogen and a refrac¬ 
tory tube with its end drawn out and upwards and with a kink in 
the middle. Bet ween the bottle and the tube is a small bulb containing 
calcium chloride for drying the hydrogen libera.ted. 



ir»i. aksijnr: 


:m 


Several pieces of pure zinc are placed in the bottle and dilute hydro¬ 
chloric acid is |)oured over them; when all the air has been forced out 
of the aj)paratus, the hydrogen is ignited at the drawn-out end of the 
tube. Then a portion of the substance under test is added to the bottle 
through a thistle tube and lieat is ap])lied to the kink of the horizontal 
tube. If the substance contains arsenic, hydrogen arsenide will form 
in the bottle and (hicompose again on passing throiigli the heated 
part of the tube. 'Fhe arsenic thus lilxTated deposits on tlie cold 
j>arts of the tube as 
a shiny black d(^i)osit 
(“arsenic mirror”). 

This method enables 
dc'itection of even in- 
signiMeant (piantities of 
arsenic. 

Arsen i(; has two oxides, 
viz., arsenic trioxide 
or arsenious anhydride 
As 203 and arsenic })ent- 
oxide or arsenic an¬ 
hydride ASgOrj. 

Ars(mic1rioji'i(ip2\sXy^ Apjiaratus for of ai'scMiic 

results wlicn arsenic 

burns in air or arsenic ores are calcined. ]t is a white crystalline 
substance, commonly known as ivhitc am'/nic or just ammic. Ar¬ 
senic trioxide is only slightly soluble in watej*. a saturated solution 
at 15 containing only I 5 ])er cent As 2 () 3 . When dissohed, 
arsenic trioxidc comi)ines with watei form the hydroxide As(()H )3 
or H^AsOg! 

As.Og - 3 H 2 O - 2 As(()H 

It is amphoteric but with predominating acid ])ro])(‘rties and Ibj* that 
reason is called arsenious acid. 

A rsenious acid H gAsOg has not been obtained in the free state and is 
known only in acpieous solution. It is a very weak acid (K 0 x 10 
Its salts are called arseiiiles. 'i'h(? arsenites of the alkali metals can easily 
be obtained by the action of alkalis on AsgOg: 

As.Og H 6 KOH - 2 KgAsOg + 3 HgO 

Many arsenites are derivatives of me/arsenious acid HAsOg. 

Arsenious acid and its salts are very active reducing agents. 

If arsenic or arsenic trioxide is oxidized by nitric acid, arsenic acid 
results: 

-fill iV +ir 

SAsoO;, 4HNO3 7H2O-6 H3ASO4 4 NO 
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Ar-se.nic acid H-^AsO^ is a solid, readily soluble in water. The strength 
of this acid is about the same as phosphoric acid. Its salts, called 
arsenates, greatly resemble the corresponding phosphates. Meta- and 
p//roarsenic acids are also known. If arsenic acid is calcined it turns 
into arsenic pentoxide AsoOr,, a white vitreous mass. 

A comparison f)f the ])rop('rtiesof arsenious and arsenic acids shows 
that the acid pro])ei*ties are more ])ronounced in the latter. Such a 
gradation of })roperties is a general huv characteT'istic of all elements, 
namely, as the valencif of an (lenient increases, the nature of its hydrox¬ 
ide changes, its acid properties hecoming more, and basic properties less, 
pronounced. 

Sft]jjildra oi arsenic. If' ludro^on snli)hi(l<‘ is ]>a.ss»'(l thr<)n^>;h a solution 
Ol U .jAsO., iifidifioil witli hy<lro(*lilori(* a(*i(i, a yollow prreipitatt* nl' arsenic 
trlsnf])hl(tf As..Sy, insolublo in hycIro(*hlon<* acid, is fomied. 'I’lic rcaflioiis 
tliat take ]^lacc can h(' cx}>r<‘ssc(l by the (Mpiations: 

MaAsO-j i 3 iin r. AsClg c 3 H/) 

'2 AsClg i 3 IKS - I As.Ss ; fi HCl 

^'cllo\^ arsenic pentasidphlde As.^S^ (;an be oT>laijic(l in a similar way by 
the action of hyclrog(*n sulphide' on a solution of i-l.,As()| in hydrochloric 
acid: 

ll.,As()., i r, H(M As(1, ; 1 H,() 

1 Asdj-r 5 H.S - I As.S^ f 10 H(1 

'rh(‘ sulphides of arsiMiic- r(‘a<*t with th(' sulpliidt's of the alkali metals NhoS, 
KoS and with (XH j).,S to fbrms4)lubU‘ oi th!aarsen ions acid H^AsSg and 

Ihloarsenie field II;,AsS,, which dilha* from th<' oxyacids of arsenic in that all 
the oxygen in them is substituted by sulphur: 

As.jSy f 3 Xa^S 2 Xa^AsSy 

Kodiiirn 

tlHoarst.'iiilt* 

As.,S- 3 Xa2S -- 2 XuyAsS j 
sodium 
ihioarsc'iiato 

rhiomscnic acid salts can be obtaiiuMl also by th(‘ action of tho alkali polt/~ 
sulphides on As^S.,: 

As.,vS., -r Xa.,S3 - 2 Na.,S — 2 Xhi^AsS, 

MU “ { V 

2 As 4 e~ 2 x'Vs 
-11 

S3- - i 4 c 3 S 

'riiioacids arc \'(‘rv unstabk' in the free state and decompost' rtadily into 
hydrogen sulpliido and the correspoiidiiig sul})hid('. For example: 

2 H 3 ASS 4 = AS. 2 S 5 -t- 3 H^S 

'rhei’id'orc'. if arsenic thiosalts are treatol with strong acids, hydrogen sulphide 
is liberated and the thiosalts break clown into the sulphides: 

2 XagAsS., -r 0 HCl ^ 6 NaCl 1 AsgSg | 3 H.^S 
2 Na3AsS4 4- 6 HCl - 6 NaCl -| j AsaSg f 3 H gS 
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Tho (loc<)irijK).sitioii of tin* ihioucicls into hydro^fii siil]))ii<U‘ and tin? sulphide's 
is analogous to the' d(M^om[)osition of tho oorros[)onding oxyacuds into watt'f 
and the' anliydrido: 

2 H .,As 04 - AsjjOg ^ 3 H.O 
2 Jl.jAsS.j - As.Ss I 3 H ,S 

Fo!' tliis roason sulphides whiedi form Ihioaeids are railed i he; thi<ntnh tfth i(les 
of th<>st‘ acids. 

The uses of elemental arsenic are very limited. It is added in small 
quantities to various alloys of non-ferrous metals to make them harder 
and more resistant to corrosion. But arsenic comj)ounds are very 
widely used in connection with the pronounced physiological atdiou of 
arsenic on almost all jilant and animal organisms. 

Arsenic comjiounds have long been used as medicines, small doses 
of ansenic stimulating metabolism and strengthening the organism. 
I )ihite solutions of potassium arsenide are usually used for this j)ur])ose. 
.\rsenic is contained also in many organic medicinals, sucJi as iiovar- 
sanol, salvarsan, etc. 

Anotlier extensive field of a|)])lication of arsenic compounds is agri¬ 
culture. Avhere many salts of arsenious and arsenic acids are employed 
as '‘insecticides'’ (substances which de^stroy insect pests). 

Arsenic trioxide is used as a poison for destroying rats, mice and 
other rodents. 

Arsenic sulphides are used as yellow |)aints, as well as in the tanning 
industry for removing hair from hides. 

Tlie woi'ld production of white arsenic As.^Oa (»u)t counting the 
U.S.S.fv.) is ()() to 70 thousand tons per year and is concentrated mainly 
in^the U.S.A. and Sweden. 

152. Antimony (Stibium); at. wt. 121.76. Antimony occurs in nature 
usually as com])ounds Avith sulphur, in the form of demime SbgSg. In 
s})ite of the fact that the content of antimony in the earth’s crust is 
comparatively low (O.OOOOo per cent by A\eight) it has been known 
since ancient times. This is due to the frequent occurrejice of desmine 
in nature and the ease with which pure antimony can be extracted 
from it. If calcined (roasted) in the presence of air desmine is converted 
into antimony tetroxide ^ 1 ) 304 , from Avhich antimony is obtained by 
reduction A\ith coal. 

In the free state antimony is a sih^er-white solid with a metallic 
lustre, a specific gravity of 6.62 and a melting point of 630.5'' C. It is 
A^ery much like a metal in appearance but is brittle and a much worse 
conductor of heat and electricity than ordinary metals. Besides 
this "metallic” form of antimony, other allotropic modifications are 
known. 

Metallic antimony is used in many alloys to make them harder. 
An alloy consisting of antimony and lead Avith a little tin added is 
called type metal and is used for making type. 
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Tht* world production of antimony (not counting the IT.S.8.H.) is 
about 40,000 tons per yeai*. Its inaui prodncors are Mexico, Bolivia, 
Yugoslavia and China. Tsarist Russia had no antimony industry in 
s|)ite of the fact that it ])ossessed the necessary raw material base. 
Antimony began to b(' (extracted from domestic ores only in Soviet 
t imes. 

Antimony resembles aisenic greatly in its compounds but has more 
])ronounc(‘(l metallic pro})erties. 

Hydrocfen arithnortide SbH.^ is a poisonous gas formed under the same 
(conditions as hydrogen ai*senide. When heated it decomposers even more 
readily tliaii AsH.,, forming antimony and hydrogen. 

Avtimon/f Irioxide or anthncmioiLS anhydride SbgOg is a tyjrical 
amphoteric oxide with somewhat predominating basic pro})CTties. 
Antimony trioxide dissolves in stre^ng acids, such as suljihuric and 
hydrochloric, forming salts, in whi(*h antimony behax es like a trivalent 
metal: 

Sb,0,, ; 3 H2S()4 81)2(804), 4 3 HoO 

Antimony trioxide dissolves also in alkalis, nrsulting in salts of anti- 
monious acid >1,81)0, or ?/?(7mitimonious acud H8l)02. For example: 

SboO, - NaOH 2 NaSbO, H HoO 

Antivionwiis acid or aniinumy hydroxide Sb(OH)3 falls out as a whit(‘ 
preci[»itate vxhen salts of trivalent antimony are treated with alkalis: 

SbCl, ! 3 NaOH -- | 8b(OH), + 3 NaCl 

The ])reci])itat.e dissolvers reradily both in aeuds and in an exc-erss of 
alkali. 

The salts of trivaleMit antimony, as salts of a weak base, hydrolyze 
in aepu'ous solution forming basic salts: 

8 b(1, -f 2 II2O 8b(OH)2C3 -i 2 H(1 

Rut salts of this kind can easily split off one molecule of water and pass 
into basic salts of another type: 

8b(OH)2(3 81)0(3 4 HgO 

In the latter salt the 8b(4 group plays tlie part of a univalent metal 
and is known as aniimonyl. 'J'he salt produced is called antimony 
oxychloride or aniirnonyl chloride. 

Antimony pentoxide or antimonic anhydride 81)20, is predomi¬ 
nantly acidic in pr()])e>rties: it has three corresponding acids: ortho-, 
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mda~ and p?/mxntiinonic acids (H;jSb() 4 , HSbO;^ and H 4 Sb 207 ). Salts 
of all three acids are known. 

Atdimohif tvtroj 'nh vSbgOj is a inixrd oxido in which one antimony atom is 
trivah'iit and the ollu'r ])(‘nt a valent. Jt. is prepared by Ijeatinji: ('it her Sb.X).j 
or SboOr, in thc^ ]>r(*s('nc(* of air. It is the most stable oxide of antimony, l^snally 
antiTMonv tetroxidc' is n^j^arded as the antimonv salt of o?Y/?oantimonic acid 
SbSbO,,.* 

'J'hc^ utilphiih'S of antimonjf Sb.^S.^ and Sb^S- are <juito atialo^ons in properti<‘S 
to th(* sulpliidi's of a.rs('nic. "jdaw are oranjj:(‘-r(‘d substances, whi(di dissolvi' in 
the alkali snl])hides, to form lliiosalts. Antimony sniphides are used iti the 
manufaet un* of matela's and in thij rubbia* industry. 

153. Bismuth (Bisniuihuiii); at. wt. 200.00. The last jnentber of the 
arsenic snbgrou]>, bismuth, is oharaettTized by a ])ronoiinced predom¬ 
inance of metallic ])roj)erties over non-metallic!. and miiy })e regarded 
as a metal. 

Bismuth occurs rartdy in nature (the content of })isniuth in tlte 
(‘arth's crust constitutes O.tMiool y)er cetit by weight). It is found both 
in the nativ(‘ state and in the form of the com])Ounds Jnswvth orhra 
HioO;^ and blsinnihUo J^>i 2 ^' 3 - 1'h(‘ world production of bismuth is 
l,000-].r)()0 tons per year. 

In the free state bismuth is a shinv reddish-wliite brittle nudal 
liaving a specitic gravity of H.s and melting at 271..T C. It is (contained 
in many fusible alloys used in ])rinting. various tire ])rotecti()n devices, 
etc. 

At ordinary tem])eratures bismuth does not oxidize in the air hut 
l)urns if heated strojigly. forming bismuth oxide Bi 2 () 3 . Bismuth can 
be dissolved in nitric acid. 

Bismuth hydride BiH., was first obtained in insignificant quantities 
in I9IS by treating aji alloy of bismuth and inagnesium with bydro- 
chloric acid. It is very unstable and decomposes slowly even at ordi- 
11 ary temp(?rat ures. 

Bismuth trioxide Bi 2 (),<i results w^lien bismuth is (*alcined in air and also 
from the decoin])osition of bismuth nitrate. It is basic in nature and 
dissolves in acids to form salts of trivalent bismuth. ]5esid(>s it, three 
more oxides are known, namely, BiO, Bio 04 and BigO^, of w^hich 
Bi.^Or, possesses slightly acidic j)roperties. 

Bismuth hydroxide Bi(OH )3 separates as a white precipitate w^hen 
soluble bismuth salts are treated with alkalis: 

Bi(N() 3)3 + 3 NaOH - | Bi(()H )3 3 NaNOg 

Bismuth hydroxide is a very weak base. That is why bismuth salts 
are easily hydrolyzed, forming the basic salts wdiich are very slightly 
soluble in water. 

Among the salts of bismuth the following are worthy of mention: 

Bismuth nitrate Bi(N()3)3-5 H20. This salt can be crystallized out 
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of a soJiition of bismuth in nitric acid. It dissolves readily in a small 
quantity of water acidified with nitric acid. If the solution is diluted 
wuth water, hydrolysis occurs, and a basic salt of the composition 
Bi(()H) 2 N 03 precipitates out: 

Bi(N()3)3 f 2 H.O | Bi( 0 H) 2 N 03 + 2 HNO;, 

The reaction, however, is reversible, and therefore an excess of acid 
redissolves the jirecipitate, changing it back into Bi(N() 3 ) 3 . 

Basic bismuth nitrate is used in medicine to cure certain gastric; 
diseases. 

Bismuth chloride BiCl 3 can be })repared by heating bismuth in a 
stream of chlorine or by dissolving it in acpia re^gia. BiCl 3 decom])Oses 
in water, forming a wdiite preci])itate of tlie basic salt bismuth oxy- 
chloride or hismuthyl chloride BiOC'l. 

Bismuth sulphide Bi.,S 3 formed as a blackisli-brown precipitate 
by the action of hydrogen sulphide on bismuth salts. The precipitate 
does not dissolve in the alkali sulphides; contrary to arsenic and anti¬ 
mony. bismuth does not form thiosalts. 
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154. General Features ol the C/arbon Group. Carbon is the first ele¬ 
ment of the fourth group in the Periodic Table. The second box of this 
grouj) is occuj^ied by silicon, situated in the third short period. The 
atoms of both elements have four electrons in their outer layer and 
form covalent bonds (piite readily with four atoms of hydrogen, which 
chara(;terizes them as non-metals, though less typical than the corre¬ 
sponding elements in the fifth groii}). Germanium,, im and lead are simi¬ 
lar to carbon and silicon in atomic structure. Together these live ele¬ 
ments form the main subgrou]) of the fourth group called also the 
carbon group. 

In view of the increase in atomic volume from carbon to lead, the 
capacity for gaining electrons, and therefore the non-metallic prop¬ 
erties of the cjarbon group elements, should be expected to weaken 
and their ability to yield electrons, to become stronger in the same 
sequence. Indeed, giTmanium already possesses pronounced metallic 
pro])erties, while the metallic properties of tin and lead predominate 
greatly over their non-metallic proj)erties. Thus, only the first two 
members of this group are non-metals, the other three usually being 
classed as metals. 

Owing to the presence of four electrons in the outer layer of the atom, 
the highest valency of all the elements of the carbon group, both posi¬ 
tive and negative, equals four. The elements of the carbon grouj) also 
manifest a positive valency of two, but bivalent compounds of carbon 
and silicon are scarce and comparatively unstable. 
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This cha])ter will deal only with carbon and sili(U)n; the rest ol the 
elements of the carbon group will be discussed later on, together with the 
other metals. 

CARBOX (Carbonciim); at. wt. lil.Oll 

155. ('arboii in Xaliire. Carbon is found in nature both in the (elemen¬ 
tal state and in numerous eom])ounds. Native cai'bon occurs in tlu^ 
form of two simple substances, dianmnd and grajihite. A third sim])le 
substance^ cojisisting also of carbon, namely, charcoal, can be obtaiiKMl 
only artilieially. However, there are substances in nature very close 
in com]K)sition to charcoal. Such, for instaiure, are various kinds of 
min(>ral coal, forming huge deposits at many points of the globe. Some 
mineral coals cojitaiii as much as hh ])er cent (carbon. 

(V^r])on (*omj)Ounds are v('ry widespread. Jh'sides mineral coal, the 
dc^pths of the (^arth contain large accumulations of mineral oil, which is 
a complex mixture of various carboniferous com]H)unds, mainly 
hydi-ocarbons. Salts of caibonic acid oc(*ur in immense^ (juantituxs in 
the earth's crust, ])articularly the calcium salt, which frecpuuitly 
forms whol(^ mountains of limestone and chalk. The air always (con¬ 
tains carbon dioxide*. Finally, jVlants and animal organisms consist 
of substances, the main cojistituent of Avhich is carbon. Thus, carbon 
is ojie of the most abundant elements on the earth, although its total 
content in the earth's (aaist has been estimated at not over 0.155 ])er 
cent b>' weight. 

(Virbon o<}(Mipi(\s (juitc a s])C!citic ])osition among otlu'r elements with 
regard to the abundance and divei’sity of its comjroiinds. The number 
of carbon com])ound.s ah(*ady known is well over* a million, w^hile the 
compounds of all the r(*st of the elenrents taken togidher do not total 
more than 25 or 30 thousand. 

The diversity of carbon compounds is due to the ability of its atoms 
to unite wtth oiui another into long (;hains or rings consisting sometimes 
of scores or (?ven hundreds of atoms (s(?e § 1(>8). 

15(5. Allotropy ot (’arhon. F]lemental (jarbon is known in three allo- 
ti’opic modilications: diamond, crystallizing in the isometric system; 
(jraphiiv, Ixdonging to the hexagonal system, and amorphous carbon, 
usually called coal or char(?oal. The latter modificjation is apparently 
but a pecniliar crv])tocrystalline form of graphite. It has not been 
established for c(utain to the jrresent day whether an amorjrhous 
modification of carbon really exists or not. 

Diamond is a colourless substance which refracts light rays very 
strongly. Diamonds occur rarely in nature, usually in the form of 
small crystals embedded in rocks or disseminated through placer depos¬ 
its. The largest diamond ever found wxughed 620 gr. Large diamond 
d(^])osits have been found in Congo and South Africa. Rich diamond 
de])osits liave lieen discov tTCd recently in the Yakut A.S.S.R. (Eastern 
Siberia). 
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The specitie gravity of (liatnoiid is :hr). Diamond is harder tlian any 
other knowji substance and it is eni])loyed to work various hard mate¬ 
rials, to cut glass and to drill rocks. Being very hard, diamond is at 
t he same time very brittle. The ])ovvder left over when cutting diamonds 
is used to manufacture gems and cut other diamonds. Finely cut and 
perfectly trans])arent diamonds aie called hnllianf.s. 

In I0o4 the world production of diamonds was about 4 tons, of 
whicli per cent were used for te(4nncal purposes. 

If heated strongly in oxygen diamond will burn u|), the only |)rod- 
ii(d. of its combustion V>eing earl>on dioxide. If h(‘ated strongly without 
access of air it turns into graphite. 

()wing to the great value of diamonds there have been many attem]>ts 
to obtain them artificially from gra])hite. But until recently tliese 
aftem])ts were fruitless. Only in 1955 did .Xmerican. and sinudtaneously 
Swedish, sciejitists succeed in 7 )rodncing artificial diamonds, by using 
very high ])ressures (around 7U or lOd thousand atm.) and prolonged 
heating at about 3,(H)(r(\ 4'h(‘ procedures wei-e based on piecise theo¬ 
retical calculations. The diamonds obtained were small yellow crystals, 
the cost of which is as yet much higher than tliat of jiatural 
diamonds. 

Oraphitr is a dark grey (uystalline substance with a slight metallic 
lustre. Its sf)ecific gravity varies from 2.17 to 2.3. ('ontrary to diamond, 
graphite is a very soft suf)stance. If a |)iece of graphite is drawn 
across a sheet of ])aper minute gra])hite ciystals in the form of scales 
adhere to the ])aper, leaving a grey mark. This is the basis of the 
use of gra])hite for the manufacture of lead ])encils. 

(Iraphite will not burn in air even if heated very strongly but 
burns readily in pure oxygen, turning into OO.j. 

(b-aphite conducts electricity; it is used in electrical engineering 
for the manufacture of electrodes. Mixed with clay, gra])hite is used 
to make refractory crucibles for melting metals. Mixetl with oil. 
graphite makes an excellent lubricant, as its scales fill the irregularities 
of the material, resulting in a smooth surface which facilitates sliding. 
<b*a])hite is used also as a moderator in nuclear reactors. 

In 1052 the outj)ut of graphite by the capitalist countries amounted 
to 134,000 tons. A considerable ])art of this was mined in Mexico. 
Austria and Madagascar, in the U.S.S.R. large deposits of graphite 
have been found in Eastern ^Siberia, in the Altai Mountains, along 
the baidvs of the lliver Kureika, a tributary of the Enisei, and else¬ 
where. 

At present graphite is obtained artificially by passing an alternating 
current of great intensity through a mass of granulated coke mixed 
with pitch and a small quantity of sand. The mixture between the 
electrodes becomes very hot due to its great resistance, and in about 
24 to 36 hours the carbon turns into graphite. Artificial graphite 
surpasses natural graphite in purity and homogeneity. 
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Craphite forms also when molten pig iron is cooled (the carbon 
dissolved in the })ig iron is partly liberated as gra])hite, which accounts 
for the grey colour of the pig iron). 

'I1ie great difference between the properties of diamond and graphite 
is due to the difference in their internal structure. The arrangement 
of the car})on atoms in the crystals of these substances was established 
by means of X-rays. It was found that in diamond crystals all the 
carbon atoms are at equal distances (1.54 Angstroms) from one another. 
I^]ach atom is in the centre of a regular tetrahedron with other atoms 




Fig. 104. AiTangcincnt of carbon atom.s 
in diamond 


Fig. 105. Arrangeinonl of 
carbon atoms in graphite 


located at its four apices (Fig. 104). Judging by the hardness of 
diamond, the forces acting bet\veen its atoms are very strong and are 
])robably chemical valency forces, the entire crystal being a single 
lingo carbon molecule. 

( jira])liite crystals are of an entirely different structure. The carbon 
atoms in this substance are located at the corners of regular hexagons 
arranged in parallel planes (Fig. 105). 1"fie distance between the 
adjacent planes (3.4 Angstroms) is greater than that between the 
adjacent atoms of the hexagon (1.45 Angstroms), as a result of which 
the bond between atoms lying in the same plane is much stronger 
than that between the planes. Whereas the diamond crystal is a 
single huge three-dimensional molecule, the structure of the gra- 
])hite crystal corresponds to an accumulation of immense flat two- 
dimensional molecules piled onto one another comparatively loosely. 
The weakness of the bonds between the planes manifests itself every 
time we use a lead pencil, the mark left on the paper being composed 
of minute scales split off the graphite. 

Amorphous carbon (charcoal). If carboniferous compounds are 
heated without access of air, carbon is evolved from them in the 
form of a black mass called amorphous carbon or charcoal. It has 
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been proved by X-raying that such carbon consists in many cases 
of tiny crystals, invisible even under the microscope, but having 
the same structure as gra])hite. Tt is possible, however, that along¬ 
side these crystals charcoal contains really amorphous modifications 
of carbon. 

('harcoal is one of the most refractory sulistances. (Iiarcoal can 
be observed to melt only if a very intense electric current is passed 
through a grafihite rod. The dro|)s of molten charcoal thus formed 
solidifv into pure graphite. The melting point of charcoal is about 

Amorphous carbon is insoluble in ordinary solvents but dissolves 
in many molten metals such as iron, nickel and jdatinum. lT])on 
cooling it precipitates out of these solutions as graphite. The specific 
gravity of charcoal varies between 1.8 and 2.1. 

Charcoals differ considerably in properties depending on the sub¬ 
stance from which they are obtained and on the method of their 
])reparation. Besides, they always contain impurities which greatly 
influence their properties. The most important technical types of 
amorphous carbon are: coke,ivood charcoal, bone charcoal and carhonhlack. 

Coke is obtained by dry distillation of mineral coal. Tt is used chiefly 
in metallurgy for reducing metals from their ores. 

Wood charcoal is obtained by heating wood out of contact with air. 
Formerly this used to be done in a very crude manner: the wood 
would be piled up in large heaps, “bonfires,” covered with turf, 
leaving small holes for air, and ignited. Part of the wood would be 
burnt, but the greater part would tiirn into charcoal. Nowadays 
charcoal is usually prepared in large iron retorts, making it possible 
to collect the valuable products of dry distillation, namely, methyl 
alcohol, acetic acid, etc. 

Cvharcoal is used in metallurgy, in forge-smithing, for the ])rep- 
aration of gunpowder, as well as for the absorption of va])ours and gases. 

Jione charcoal is prepared by charring degreased bones. It contains 
from 7 to 11 per cent carbon, about 80 per cent calcium phosphate 
and other mineral salts. A distinguishing feature of bone charcoal 
is its very high absorptive capacity, especially with res|)ect to or¬ 
ganic dyes, and it is used to remove various kinds of colouring matter 
from solutions. 

Carbon black (lampblack) is the purest form of amor})hous carbon. 
It is prepared in industry by burning i)itch, turpentine or other 
substances rich in carbon in a limited supply of air. It is widely 
used as black paint (India ink, printer’s ink, etc.) and as an important 
component of rubber in the rubber industry. 

157. Adsorption. As indicated above, charcoal possesses the property 
of retaining various substances on its surface. This property is called 
adsorption. Both solids and liquids may serve as adsorbents, but 
the best adsorbents are solid substances. 


26 * 
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Adsori)tioji is due to the fact that the surface particjles of a substaru^e 
are in a different state than the particles in the bulk. Inside the 
substance all the forces acting between the particles are mutually 
balanced, Avhile on the surface of the substance only the forces within 
the surface plaj)e are balanced. 1'herefore the surface laycu* is capable 
of attracting particles from the adjoining liquid or gaseous phase. 
In many cases the adsorbed layer of particles is monomolecular, i.e.. 
one molecule thick. 

Adsorbed molecules oscillate in a definite way. Some of the mole¬ 
cules may detach themselves and return to the surrounding medium, 
their place beuig taken by other molecules; as a result a definite 
state (»f adsorption eqiiilihriuin is established, during which the num¬ 
ber of m()lecul€\s adsorbed by the surface is the same as that leaving it. 

The state of adsor])tion equilibrium de])ends both on the con¬ 
centration of tin's adsorbed substance in the phase adjacent to the 
adsorbejit, and on the temperature. As the concentration increases, 
the absolute quantity of adsorbed molecules grows, although the 
]KM’centage adsorbed is lower than at low' concentrations. 

Shifts of equilibrium due to changes in tempeiature are governed 
by the fact that adsoryff ion is accompanied by the liberation of heat. 
Therefore, according to Le Chatelier’s Principle, a rise in temperature 
shifts the adsorption e(piilibrium in the direction of desorption, i.e., 
liberation of the adsorbed molecules. A drop in temf>eratin*e, on the 
other hand, increases the amount of substance adsorbed. 

Since adsorption takes ])Iace only on the surface of a substance, 
it is clear that the greater the total surface area of tlu^ adsorl)ent, 
the more molecules it can adsorb. Therefore, ])orous and |)ow'dered 
substances, as a rule, are of higher adsorjffive capacity than non- 
porous substances. Table 23 shows graphically how rapidly the 
surface of a substance grows as it is crushed. It shows the increase 
in the surface area of a cube witli an edge one centimetre long when 
subdivided into cubes with edges of one millimetre, 0.1 mm., etc. 
The es])ccially high adsorj)tive ca|)acity of ordinary charcoal is largely 
due to its porous structure. 


Increase in Surface Area of a Substance Due to Criisliiii^ 


l^onf^th of 
cube edge 

! Number of 
j eubtjs per 

1 eii. om. j 

■ T 

1 ‘ 

I area 

1 cm. 

1.. 

1 

1 

6 cm* 

1 irirn. 

103 

60 cm* 

0.1 nun. 

108 

600 cm* 

0.01 mm. 

10» 

6,000 cm* 


c!ubo edge 

Number nf 
oubes per 
eu. cm. 

Total surfacM^ 
area 

1 /* 

HB* 

6 m* 

1 rnfi 

10*1 

6,000 m* 

0.1 m^ 

10*8 

60,000 m* 
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The following ex])oriinent may be carried out to observe the 
adsorption of gases by charcoal. Fill a glass cylinder with 
ammonia and invert it into a vessel containing 
mercury (Fig. 106). Then heat 
a ])iece of charcoal with a 
gas burner, immerse it in the 
mercury to cool it and then 
bring it under the mouth of 
the cylinder. The charcoal will 
float to the surface of the 
fuercury in the cylinder, and 
the menuirv will immediately 
begin to I’ise, due to adsor])tion 
of the ammonia by the char¬ 
coal. 

The amount of gas adsorbed 
by an adsorbent (le])ends both 
on the proj)erties of the ad¬ 
sorbent and on the nature 
of the gas. A definite rela¬ 
tionship is observed in this 
respect, Jiamely, the higher 
the criti(^al temperature of a 
gas, i.e.. the easier it can be 
condensed, the better, as a 
rule, it is adsorbed. 

Table ’24 givevs (piantities of different gases 
that one eram of charcoal can adsorb at 



Kij!;. 10(». Appanit us 
for <l(Muonst rat iii^ 
absur|)tioTi of am- 
itionia hv f'iiarcroal 



Kig. 107. (las mask 
I niblxT nitiHk; 

'J 3 oxhtthi 

N'lilvo; ■/ (tornijfati'd 

al)8or})tioii l»ox 


in millilitres 
(J and normal pressure. 


Tahir 21 


Adsorption olf thisrs by ('liarooal 


Adsoi'lx'd 

K. p.. 

of gas ad - 
1 Hf>rlM*d, . 

1 ml. 

1 

Adsoi’hod gas * 

0. !>., 
dngrot?s 

C 

(Jliiantity 
of gas ad¬ 
sorbed , 
ml. 

Sulf)liur (lioxicio . . 

10.1 

380 

: C’arbou dioxide' . 

78.5 

47.6 

(Milorino. 

;u 

235 : 

: Mothano . 

161.5 

16.2 

Ammonia . 

181 

Oxygon. 

183 

8.2 



Hydrogen suh)hidc 

60.7 

09 

Hvdrogon. 

252.7 1 

1 

4.7 

i 


(iases are especially readily adsorbed by activated charcoal. One 
of the best methods of preparing activated charcoal is by heating 
ordinary birch charcoal strongly in a stream of water vapour. After 
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such treatment the charcoal becomes very j)orous and its adsorptive 
capacity greatly increases.* 

Activated charcoal is used for adsorbing the va])ours of volatile 
liquids from air and gas mixtures. For instance, benzine can be 
collected by activated charcoal from the natural gases evolved in 
great quantities in oil-bearing districts. Adsorption of volatile liquids 
by charcoal and other adsorbents, and their subsequent desorption, 
is a ])rocess which has found wide aj)plication in industry, as it saves 

considerable quantities of valuable 
solvents. 

Strongly cooled activat'd char¬ 
coal is an excellent means for ob¬ 
taining high degrees of evacuation, 
as the charcoal adsorbs the last 
tracesof gases which cannot be re¬ 
moved by the vacuum ])ump. Acti¬ 
vated charcoal is used also as a cata¬ 
lyst in certain chemical processes. 

During World War i (11)14-18) 
activated cliaixjoal was employed, 
on the suggestion of N. Zelinsky, 
to protect the resf)iratory organs 
from toxic gases. ''Zelinsky’s gas 
masks,'’ tilled with activated char¬ 
coal. saved thousands of Russian 
soldiers from agonizing deatli 
during the First World War. Acti¬ 
vated charcoal is still used in 
modern gas masks (Fig. 107). 

Nikolai Dinitriyrvicli Zolinsky was 
born in 1861 in tho town of'riraspol. 
Aftor graduating the Novorossiisky 
I'liiversity (in Odessa) in 1884 h(' was 
1«» stay on tin for res(*ar(4i work. In 1891 Zelinsky 

maintained his »loetnr’s thesis on stereoisomerism. In IS9;{ he was a|>point(ul 
head of the chair of iiiorgajiit^ and analyti(*al ehernistry at (he Moscow Uni¬ 
versity wlu'n* h(* eonlimuul to work to the ejid of his life. 

In 1929 Zelijisky was elected Member of the U.S.S.K. Aead(*my of 
Sei(*Jie(>s. 

'rh(‘ rangt^ of seientitie interests of N. Z(‘liiisky was very extejisive, and his 
work very iruittul. The works of Zelinsky and his pupils in the field 



Nikolai Drnitriyovich Zelinsky 
(lS6l-195:i) 


* Aetiv'ated ehare.oal contains j)or(*s of two kinds: a) r(^lativ<4y Jarg<i pores, 
visible under the microscope, w ith diameters betwi^en 10 ® and 10 '^ cm. and 
])) ultrapores, invisible under the microscope, with diameters between 9.2 x 10^ ^ 
and 2.8 x 10 ~ 7 cjy,, latter are the most imj>ortant in adsorption processes. 
The total surfa(;(> of such ])ores in one gram of activated charcoal may be as 
high as 1,000 sq. in. 
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()i‘ orj^aiiic eaUilysis oocaipy a ])roininoid. place in world scu‘ii(a\ Of very 
gnait. intt'.rest are N. Zelinsky's works on mineral oils and on the hydrolysis of 
proteins, in which ho was ihcs first to jmint out the cyclic structure of protein 
uiolecuU^s. 

The adsorption of dissolved substances by charcoal was discovered 
in the latter |)art of the XVIII century by the Russian Academician 
T. Lovits. who used charcoal to purify ethyl alcohol. Since that time 
ethyl alcohol is freed from the imjmrities it contains (so-called fusel 
oils) at alcohol factories by filtration through charcoal. At sugar 
refineries sugar is jiurified from the substances which account for its 
\(dlow colour, in th(> sarm^ way. 

There are several other substances besides charcoal which possess 
a pronoun(?(Hl capacity for ads()r])tion. The dyeing of fabrics, the tanning 
of leather and some otJier ])ro(^esses are based on the adsorption of 
dissolved substances by vegetable and animal fibres. 

N’arious substances are adsorbed differently by the same adsorbent. 
On the basis of this phenomenon the Russian scientist and botanist 
M.Tsvet (1S72-I919) develo])ed the method of chromatographic 
("colour'') analysis and used it successfully for resolving chlorophyll, 
the green |)igment of ])lant leaves, into its tw^o component parts, 
t he structures of Avhich are almost identical. 

M.Tsvet extracted chlorophyll from the leaves witli benzine and 
passed the solution through a glass column packed tightly with 
calcium carl)onat('. In ])assing through the column the benzine lost 
its colour, and the component pigments, adsorbed successively by 
the calcium cai’bonate, formed a series of coloured rings in the cyl¬ 
indrical column. Removing the calcium carbonate column from the 
glass cylinder, Tsvet se])arated the rings from one another and ex¬ 
tracted the adsojbed substance from each of them by means of a 
suitable solvent. In this way he obtained the chemically ])ure forms 
of clilorophyll. 

Jn founding the exceedingly accurate method of adsorption analysis, 
Tsvet realized the chemists’ long-cherished dream of separating 
mixtures of related chemical compounds into their component parts 
without drastic chemical or physical treatment. The chromatographic 
imtJiod is now used extensively in all kinds of investigations. By its 
means ])urcst preparations of various vitamins, hormones, penicillin 
and other substances are obtained in present-day industry. 

Academician P. Rehbindcr established the influence of adsorption 
on the mechanical strength of various materials. He showed that 
when surface-active substances, i.e., substances capable of lowering 
the surface tension of liquids considerably, are adsorbed by solids, 
the adsorbed molecules ‘Svedge apart” the minute cracks in the 
solids and thus lower their strength. This phenomenon is of great 
importance for rock drilling practice, in the mechanical treatment of 
alloys, etc. 
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158. OIuMiiioal rrojMTtios of ('arhoii. Carbidos. At ordinary tem])er 
atures carbon is inert and reacts only with very active oxidants. 
When lieated, the activity of carbon increases: it unites readily with 
oxygen and is a good reducing agent. The most im})ortant process 
in metallurgy, the smelting of metals from their ores, is carried 
out by reducing the oxides of metals with coal (or carbon monoxide). 

(Wbon forms two ])rincipal oxides with oxygen, viz., carbon dioxide, 
or carbonic acid gas. and carbon monoxide CO. Besides them 
oxides of the compositions and known. 

At very high tempej*atures carbon combines with hydrog(‘n, sulphur, 
silicon, boron and many metals. 

The most reactive of the allotropic modifications of carbon is 
amorphous carbon. 

(Compounds of carbon with metals and otluu* elements, which are 
(dectrically })ositive with respect to carbon, ar(^ called (*arl>ides. They 
are obtained by heating either the metals or their oxides strongly 
with coal. 

(’arbides an^ crystalline solids with very high melting points. Their 
composition is very diverse and frecpiently does not corres])ond at 
all to the valencies of the combining elements. Some (;arbides are 
easily decomposed by ^^ater to form hydrocarbons; oth(u*s are not 
attacked even by dilute acads. 

Of great practical importance is calcium carbide OaO.^. o))tained 
bv calcining a mixture of coal and lime: 

CaO + - Oat^. -f OO 

This reaction is usually acconpilished in an electric fuiiiacc. 

Becently a new method of |)roduction of calcium carbide has been 
develojied, which does not recpure the expenditure of comparatively 
expensive electric power. According to this method, the carbide is 
obtained in simple vertical furnaces of the same ty])e as blast furnaces, 
in which the high temf)erature needed for the formation of the carbide 
(up to and mon*) is attained by blowing air, enriched with 

oxygen, through the furnace. 

The pure carbide is (piite colourless, but the technical ])roduct 
consists of hard ojiaque lumps of a dark grey colour, ('alcium carbide 
is used to prepare acetylene by the action of waiter (see § J70). Acety¬ 
lene is widely used in many industries; a considerable amount of 
calcium carbide is consumed by plants jnanufacturing calcium cyanam- 
ide, a valuable fei-tilizer. 

Other ])ractically important carbides are silicon and tungsten 
carbides (see § 180 and 245). 

159. Carbon Dioxide COg and Carbonic Acid H 2 CO 3 . Carbon dioxide 
or carbonic acid gas forms continuously in nature during all kinds 
of processes of oxidation of organic substances (decay of vegetable 
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and animal remains, burning of fuel, respiration). (Jarbon dioxide 
escapes in large cpiantities from cracks in the earth’s crust in volcanic 
regions, and from the waters of many mineral s})rings. 

Carbon dioxide is usually prepared in the laboi-atory by the action 
of liydrochloric! acid on marble (-aCO.^: 

(^a(^()., 1 2 (^a(% } H,0 i (’(), 

Large quantities of carbon dioxide are ])roduced in industry as a 
by-|)r()duct in the manufacture of lime by roasting linu\stone: 

(’aCO.^ .. (^aO i CO., 

Cnd(a* ordinary (‘-onditions carbon dioxide is a (;oloui l(‘ss gas about 
one and a half times as heavy as air, so that it (^an be poured like a 
licpiid from ont^ vessel into anothtu*. One litre of carbon dioxide at 
S.'IM*. weighs J.OSgr. Water will dissolve a considerable (piantity of 
carbonic acid gas. At 20 ’(• one volume of water can dissolve* D.SS 
volumes of (H).,, and at O'A'- 1.7 volumes. Carbon dioxide is used 

mainly for the prodmdioiCof soda by the Solvay process (p. 412). 
in the sugar-beet industry, and for gasifying soft and juineral drinks, 
win(*s, beer and^otlua* beverages. 

At a pressure of about HO atm. carbon dioxide can b(^ converted 
into a liquid at ordinary temperatures. Liepiid carbon dioxide is 
stoi’cd in steel cylinders. If let out of the cylinder rapidly, so mu(;h 
heat is absorbed due to its eva])oration that the carbon dioxide turns 
into a solid white snow-like mass which siddimates without melting 
at - TS.T)^ C. 

Known as "dry ice,” solid carbon dioxide is used for cooling ])erish- 
ables, for the manufacture and storage of ice (aeam and in many otluM* 
cases where low tem])eratures are recpiired. 

A solution of carbon dioxide in water has a slightly soiu’ taste 
and reacts slightly acid with litmus, tins being due to the* presence 
in the solution of small quantities of carbonic acid formed 

as a result of the following reversible reaction: 

(^O,, f H.,() 

1’he eipiilibrium of this reaction is shifted greatly to the left, so 
that not more than 1 per cent of the COj, dissolviMl is converted ijito 
carbonic acid. 

Carbonic acid Hgt-Oa can exist only in aqueous solution. If the 
solution is heated the carbon dioxide escapes, the ecpiilibrium shifts 
to the left and at length only pure water remains. 

The formula of carbonic acid has been established by analyzing 
its salts. 
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Carbonic acid is a very weak acid. In solution it ionizes mainly 
into H* and forming (H) 3 "-ion in very small quantities: 

H2CO3 H- j HCOa' 2 H* + CO/ 

A dibasic acid, carbonic acid forms two series of salts, Jiormal and 
acid; the normal salts are called carbonates and the acid, hydrocarbon- 
ales, acid carbonates or bicarbonates. 

The mlts of carbonic acid can be f)repared either by the action of 
carbon dioxide on alkalis or by exchange reactions between the soluble 
salts of carbonic acid and the salts of other axads. Koi* instance: 

NaOH i CO. I NaHCO.j 
NnWCO., 1 NaOH Na .(>3 1 H .0 
BaCl^ h Na^tX^a --: 1 BaCOa ! 2 Nad 

With weak bases carbojiic acid mostly gives only basic salts, an 
examjde of whicjh is basic copper carbonate Cu.( 0 M).C() 3 . A mineral 
of this composition occurs in natun^ an<l is knoxs n as mahtchUv. 

Under the action of acids, even su(*h weak ones as acetic acid, all 
the salts of carbonic acid decoini)ose. liberating carbon dioxide. This 
reaction is very characteristics and is often employed as a test for 
cai’bonates. as the liberation of carbon dioxide can c^asily bc^ detected 
by t he hissing sound accom])anying it or by means of a burning splint. 

When heated more or less strongly all tlie salts of carbonic acid 
excej)t those of the alkali metals decompose, liberating carbon dioxide. 
The decomj)osition ])roducts are mostly the oxides (d'the corresj)onding 
metals. For instance: 

Mgt’O.j MgO f CO. 

CaC() 3 ~(^aO 1 (X). 

Tlie hydi'ocarbonates of the alkali metals are converted by heating 
into carbonates: 

2 NaHC 03 - Na 2 (X )3 1 CO, i H^O 

lN)tassium. sodium and ammonium car})onat(^s and most hydro- 
cai bonates are soluble in water, but the carbonates of the other metals 
are insoluble. 

Solutions of potassium and sodhun carbonates react strongly alkaline 
owing to hydrolysis: 

Na ./!03 -t- H 2 O NaHC 03 + NaOH 
or 

CO3" + H2O HC’Oa' + OH' 
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'J'his accounts, by the way, for their use in washing clothes (alkalis 
help to remove grease from dirty clothes). The same effect is disjilayed 
by an infusion of ashes in water (called “lye”) due to the presenc(5 of 
potassium carbonate. 

One of the most abundant salts of carbonic acid in nature is calcium 
carhonate ( /aCOg. It occurs as limestone, chalk and marble, all of which 
are modifications of calcium carbonate, 'rhis salt is contained also 
in almost all t 5 q)es of soil. 

(^alcium carbonate is insoluble in water. That is why lime water 
becomes turbid if carbon dioxide is passed through it: 

Ca(OH), i Vi). - } 11,0 

However, if carbon dioxide is passed through lime water f<n‘ a long 
time, the liquid first becomes turbid, then gradually begins to clear, 
and finally becomes (juite transparent. The precipitate dissolves owing 
to the formation of the acid salt, calcium hydrocarbonate: 

(U^Og f HgOH (^(>2- (^HCOg)., 

Calcium hydrocarbonate is unstable. If its solution is boiled or just 
left standing for a long time in the air the hydrocarbonate decomjmses, 
liberating carbon dioxide and forming the normal salt. 

The solubility of hydrocarbonates in water accounts for the constant 
migi*ation of carbonates in nature. When rain water containing carbon 
dioxide absorbed from the air seeps through the soil, and especially 
through limestone strata, it dissolves calcium carbonate and carries 
it as the hydrocarbonatc into streams, rivers and seas. Here it is 
assimilated by the organisms of sea animals and goes to build uj) their 
skeletons, or, losing carbon dioxide, it changes back into calcium 
carbonate and is de])Osited in layers. 

Another carbonate occurring in nature in large (quantities is magne- 
mmn carbonate JVIgfXIg, the mineral being known as magnesite. Magne¬ 
sium carbonate, like calcium carbonate, dissolves readily in water 
containing carbon dioxide, turning into the soluble acid salt. 

Some carbonates are valuable ores and are used foi- the extraction 
of metals (for instance, iron spar FeCOg, smithsonite ZnCOg, etc.). 

Sodium and potassium carbonates and hydrocarbonates are widely 
used in industry and in the home. 

Sodium carbonate Nagt-Og, or sodUi, is one of the chief ])roducts of 
the basic chemical industry. Soda is used in immense quantities by 
the glass, soap, pulp and ])aper, textile, mineral oil and other industries 
and serves also for the preparation of various sodium salts. The 
domestic uses of soda are well known to everybody. 

Up to the end of the XVIII century all the soda used in industry 
was obtained only from natural sources. Such were the natural deposits 
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of sodium carhonak^ touud in Kgy|)t and several other placnrs, the 
ashes of seaweeds and fdaiits grown oji salirje soils, and soda lakes. 
In 1775, the detieicney of alkalis in France led the F'rench Academy 
of Sciences to announce a ])rize for the best method of preparing soda 
frotti common salt. However, sixteen years f)assed before the Freneli 
j)hysieian Nicolas lx* Hlane fleveloped an economical method of ob¬ 
taining soda, now known as the IjC Blanc, or sulphate, ])rocess, and 
]>ut it into ])ractice o]i an industrial scale in 1701. 


’V\\i' .'iiil <»r Af in'nrvss cssrnl inlly of I In* foll()V\ iiijj: n-iK'f ions, 

t'ir.st, coiiminii siilt is coiix oi hMl into .sodiuin sulpluih^ l)\ t he act ion of' snlphnrir* 
arid : 

2 \a(*l ILSO, 2 ll<‘l i \a,S(), 

'riir S(»(linm siilphafr is !jaxr«l with liinrstonr ainl (•r)al. and t hr mixinrr is 
lu'atrd to rr<lnrss. 'I'Ih- coal OMhirrs 1 hr snljdiaO' info sodiuin snlphidi*: 


Na,.S(), : 2C Na.S i 2(’(). 


Thr sodinin snlphi<l<' rt'arts with t irr iinr^st^ar* fo idnn ('al(‘iinn snlpliidr and 
s( ida: 


\a^,S ('a('()., Na.^CO., ('a.S 


Tlir rnsion, ronsisf injj: of soda, ralriinn snljihidr and I lu' (‘xr(‘ss roal and 
is trratrd with watrr to dissolvr thr sodium rarlxniatr. 'ria* pi‘r.srn(*(‘ an 
<‘X<*(‘ss of' lim<', (ha^ fo tlir <l('romp<isi1 ion of (\‘i(’(l.j, pnwrnls h\’d]‘ol\'sis of thr 
ralrinm .snlpliidr and ifs rojiN<‘rsion into fJir soinhir arid salt ('a{HS).,, p(‘r- 
niilting t lu* .sodium rarhonatr to hr <.*xtrartrd roinplrirly from the fusion. 'I’la* 
rarhonatr solution is rondrnsrd h\' <*\’a.poration iiiitil rrystalli/.alion sets in. 
At a l«)w Irm|)(*ratiio' tla* highly ('fflorrsrrnt crystals of f hr. d(H*ahydrat<‘ 
\a4 ).j- Iff M .^() arc foiaiird ; at a. hijjjhrr lrni[)rrat nrr ila^ m«>uoh;y’‘lratr 
Xa.jt'().,• H ) rrxslallizrs out. 

4’hr l»\ -[irtxlncls of thr sulphate ])i*orrss for the manufactiirr of soda art'; 
hydrtijrt'ii rhloritlr. which previously n.srd to hr diseharjj^rtl into flu* air, hnt is 
now usrtl to make hydrorhlorit^ acid, anti calriinn sulphide, w'hiidi is of no 
commercial imp<»rtancr. 


In the IShti's a Belgian chemist Solvay suggested a. new method 
of prt^paring soda from common salt, known as the Solnuf or atHmonia 

jtrorrf^s. 

This process is ba.sed on tiie formation of .sodium hydrocaj*bonate 
l)y tJje reaetioji Ix^tween common salt and arnmojiium hydrocarbonate 
in aqueous solution. 

In industry this reaction is accomplished as follows. A concentrated 
solution of common salt is cooled and saturated with ammonia; then 
carbon dioxide, obtained by roasting limestone, is jiassed through 
under jiressure. The interaction between the ammonia, carbon dioxide 
and Avatej* leads to the formation of ammonium hydrocarbonate: 


NH-H CO., I H2O-NH4HCO3 
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which outers into an exchange reaction with the salt to form ain- 
inoninni chloride and sodium hy<lrocar})onate: 

NH,H(^(), ! Xa(M j NaH(^(), i NH.CI 

This reaction takes |)lace du<‘ to sodium hydrocarhonatc* being hut 
sparingly soluble in cold vvatiu* and falling out as a. |)r(M*ipitate, v\ hi(*h 
(ian be separated by liltration. 

When heated vstrongly, sodium hydrocarbonate d(‘eom|)()ses into the 
earbonate. water and carbon dioxide, the latter being re-used: 

Na,(^().j i i H.,() 

The solution containing ammonium ehlorid(‘ is heatefl with lime 
to re(H)\’er t lu' ammojiia: 

2NH,(T! (^OH). (^a(%4 2H,() 

Thus, in the ammonia ])rocess for the production of soda the only 
industrial waste is the calcium chloride which remains in solution 
after tiu? ammonia is driven off: calcium chloride is a product of but 
limited importance. 

Soda ])repar(‘d l)y the ainnionia method contains no crystallization 
^^'ater and is called sada (ts/f. 

Part of the sodium liydrocar}>onate is mark('t(*d, being employed 
in medicine and as a substitute of yeast (under the name of "baking 
soda''). 

At present the ammonia process lias forced the Le Blanca sulfihate 
])rocess almost com])letely out of use. The chief advantage oi'the former 
over the latter is its low fiud consumption. 

The out])ut of soda ash in the U.S.S.ll. was 1.437 thousand tons 
in 1055. In tlie course of the Sixth Five-Year Plan it is to be inerc^ased 
by t>S ])(»r cent and will rc^aeh 2,420 thousand tons in 1000. 

cnrhonair K.4 '<).{, oi* pofa^sh. Formerly ])otash was oiitained 
ordy from ])lant ashes by leaching them with water and evajiorating 
the resulting solution. N^iwadays potash is prepared chiefly by the 
action of carbon dioxide on a solution of caustic jiotash formed by 
electrolysis of a potassium chloride solution 

KOH I (X)., -KH(X)., 

KHCX),, I KOH -K.CO, 1 H\>() 

Potash is a white powder-like substance, deliquescent in humid air 
and very soluble in water. It is used in soap manufacturing, in the 
jiroduction of refractory glass, in photography, etc. 

160. Carbon Monoxide CO. Carbon monoxide is a colourless poisonous 
gas which liquefies only at — 102° C and solidifies at — 207° (■. Carbon 
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monoxide is very slightly soluble in water and does not react with it 
chemically. 

Carbon monoxide forms whenever coal or carboniferous compounds 
are burnt with an insufficient supply of oxygen at high temy)eratures 
(at low temperatures the result is always carbon dioxide). (Carbon 
monoxide forms also when carbon dioxide comes into contact with 
red-hot coal: 

CO.,+ C:^2VO — 3S.;iCal. 

This reaction is reversible and proceeds from left to right witli the 
absorption of heat. As long as the temperature is not over 400 or 
450° ( \ the ecpiilibrium of the reaction is ])i‘actically shifted comj)leteIy 
to the left, but if the temperature is raised still higher it begins to 
shift to the right and by 800° C the degree of conversion of CXlg into 
CO reaches about 90 per cent. Thus, by ])assing carbon dioxide through 
a layer of red-hot coal, the (XI 2 converted almost entirely into 

carbon monoxide. 

Pure carbon monoxide is usually prejiared in the laboratory by 
adding formic acid HCOOH in small portions to hot sulphuric acid. 
The latter abstracts the elements of water from formic acid, liberating 
carbon monoxide: 

;h(X)()H-co I HjjO 

This reaction shows that carbon monoxide may be regarded as the 
anhydride of formic acid. Although formic acid cannot be obtained 
directly from carbon monoxide and water, its salts can be formed by 
the reaction between alkalis and carbon monoxide at 150-200° (yi 

NaOHfCO-HCOONa 

(Wbon monoxide burns in air with a bluish flame, turning into 
carbon dioxide: 

2 00-1- (> 2 - 2 00.-1 130 Cal. 

As a large amount of heat is liberated during this reaction, carbon 
monoxide is widely used in mixture with other gases as a gaseous fuel. 
In particular, coke-oven gas contains about 4 per cent carbon monoxide. 

In the sunlight or in the presence of activated charcoal (as a cata¬ 
lyst), carbon monoxide unites directly with chlorine forming an ex¬ 
ceedingly poisonous gas known as 'phosgene : 

CO+CI2-COCI2 

Phosgene is used in various organic syntheses. 

At high temperatures carbon monoxide is an active reducing agent 
and plays an important part in metallurgy in the reduction of metals 
from their oxides. 
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Carbon monoxide is very jioisono'us and is e^specially dangerous 
because it has no odour ; for this reason carbon monoxide poisoning 
may occur quite unnoticed. Carbon monoxide poisoning occurs 
frequently due to furnace dampers being closed too early, when there 
are still red-hot coals left in the furnace ; this may lead to the formation 
of carbon monoxide, which then ]»enetrates into the heated ])remises. 

The poisonous action of carbon monoxide, known as coal gas or 
charcoal fume poisoning, is due to the fact that (X) combines readily 
with haemoglobin of the red blood cor])uscles, rendering them in- 
ca[)able of carrying oxygen from the lungs to the tissues. If fresh air 
is inhaled this com])ound is gradually decomposed, and the haemo¬ 
globin recovers its ability to tabsorb oxygen. 

101. ('ompoiinds of Carbon with Sulphur and Nitrogen. Of the com¬ 
pounds of carbon with sulphur and nitrogen the most important, 
])ractically, are: carbon disulphide and hydrocyanic acid HCN. 

Carbon disulphide (^Sg is pre])ared by passing sulphur vapours 
through red-hot (;oal. It is a cjolourlcss volatile liquid with a high index 
of refraction, boiling at 40"^ C and possessing an ethereal odour in 
the pure form. After standing for some time carbon disul])hide tuvm 
yellow ajid ac(|uires a disgusting odour. 

(Wbon disulphide is poisonous and very inflammable. It readily 
dissolves sulphur, phosphorus, iodine, various fats and resinous 
substances. Carbon disulphide is consumed in large quantities to 
destroy various agricultural i)csts, but most of it is used to prepare 
rayon, which is emj)loyed for the manufacture of one of the ty])es 
of artificial silk. 

Hydrocyanic acid H(JN. At the temperature of an electric arc 
carbon will unite directly with nitrogen to form a colourless poisonous 
gas, cyanogen, the molecular weight of which corresponds to the 
formula (-oNg. In chemical ])roperties cyanogen resembles the halogens. 
Jjike them, it forms a hydrogen compound Ht -N with acid properties, 
called hydrocyanic acid. 

Hydrocjyanic aend is a colourless, very volatile liquid, boiling at 
• anci possessing a (‘haracterlstic odour of bitteralmond. It is usually 
])i’ef)ared bv the? action of sulphuric acid on its salts, for instance 
on K(^N: 

l>KCN 1 H.,S()4-K2S04+ 2HCN 

In aqueous solution h^^drocyanic acid ionizes insignificantl}^ 
(A’' -4.7 X 

Hydrocyanic acid is one of the most powerful poisons and is mortal 
even in very small doses (under 0.05 gr.). 

Free hydrocyanic acid is one of the best means of fighting parasitic 
insects, rodents and orchard pests. It is used also in industry for organic 
syntheses. Hydrocyanic acid should be handled very carefully due to 
its high toxicity. 
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Ihjdrocyanic acid sails are called cyanides. The most impoitanl 
eyaiudes in ])ractiee are those of the alkali metals, potassium and so¬ 
dium, obtained by various methods, for instance, by heating a mixtui*e 
of eoke and })otash or soda in an atmos|)here of nitrogen. The most 
w idely used is potassium eyanide. 

(un cyanide KCN is a colourless erystalliiu^ substanee, readily 
soluble in water. Potassium eyanide is just as poisonous as hydro- 
eyanie acid. It rleeomposes (piite rapidly in the air under the acjtion 
of earbon dioxide, liberating bydroeyanie acid and turning into 
potash: 

2 K( X i H,() i (’(), I H(^X 

A salt of a very weak acid, potassium eyanide is greatly hydrolyzed 
in wat(M*: 

(\N' i H.OrHC^X 1 OH' 

Therefore its solution reacts alkaline and smells strongly of hydro¬ 
cyanic acid. Sodium cyanide ])ossesses similar ]>ro])erties. 

lV)tassiiim and sodium cyanides are capable of dissolving gold and 
silver in the pres(*nee of atmospheric oxygen. This is the l)asis of their 
us(» for t he extinction of these metals from their ores. Besides they an^ 
used for the prejiaiation of hydrocyanic acid, in organic syntheses, 
in galvanic gold and silver y)lating. in ])hotography, etc. 

1(52, Thermoelieiiiistry. As we know, during chemical changes energy 
may he evolv('d or absorbed in various forms: as heat, light, electricity, 
et(?. Quantitative investigation of the thermal changes acc()m|)anying 
(‘beinieal reactions makes th(‘ subjec^t of a special branch of chemistry 
known as thernioeheiiiislry. 

'riie thermal effeerts of chemical reactions are measured by means of 
special ayiparatuses called calorimeters. The sim})lest tyj>e of calorimet(‘r 
is a vessel with good thermal insulation containing an accurately 
weighed (piantity of Avater. The reaction is carried out in a reaction 
chamber placed inside the calorimeter. The heat evolved during the 
reaction is transferred to the water, the temy)erature of which is meas¬ 
ured before and after the reaction by means of a delicate thermornetei-. 
The ])roduct of the tcuiiperatuie increase by the s])ecitic heat of the 
water and the calorimeter is a measure of the heat liberated during 
the reaction. 

importatH. in praclici' is tho detennination of the amount of li(‘at 
cvoIvcmI (lin*ing the (•(mibustion of various substancos. 'these (ieterminations are 
(*arrie(l out with the aid of a calorimetric bomb (Kig. lUS), which is a closed vessel 
made of strong st(*(*l and capable of withstanding a pressure^ of several scon? 
atmospheres. 

Th(i bomb is placed in a calorimeter. The substance to be burnt is put into 
tlie bomb, whicdi is filled with oxygen undf^r pressure, and tht) reaction is brought 
about by means of an eh'etric* ignition device, ''rhe amount of heat evolved is 
determined t)y the rise in temperature of the water in the calorimeter. 
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The main principle underlying all tlierrnocheniical calculations was 
established by the ilussian Academician Cl. Hess in 1H40. This prin¬ 
ciple, knowji as Hess’s Law, may be formulated as follows; 

The thermal effect of a reaction depends only on the initial and 
fined conditions of the reacting snhstances, hut not on the inter¬ 
mediate stayes of the process. 

This can be explained by an exa.m])le. A dilute solution of sodium 
sul])hateNa 2 S(),j can])e pre|)ared from sulphuric acid, sodium hydrox¬ 
ide and water in vai’ious ways, for instance: I) by juixing a dilute 
solutioTi containing two gram-molecules of Na()H with a solution 
containing one gram-molecule of H 2 SO 4 : 2 ) by adding a solulioji con¬ 
taining one gram-molecule of NaOH to a solution containing one gram- 
molecule of thus forming first a solution of the acid salt 

NaH 8 () 4 , adding one more gram-molecule of NaOll to the 

acid salt solution. 

Tlie thermal effect for these two (ases will be*: 

First way: 

2 Na(.)H(a(^) + HoS(.) 4 (a(j) Na 2 S() 4 (aq) | 2 H 2 (-)(liq.) ^ 31.4 Cal. 

Second way: 

Na().H(aq) I H 28 () 4 (aq) 

NaHS() 4 (aq) i Na()H(aq) 

Thus, the total amount of heat evolved during 
the formation of one gram-molecule of sodium 
sulphate is the same in both cases, although the 
reaction took ]:)lace in two stages in the second case. 

Hess’s Law makes it possible to calculate the 
thermal (effect of reactions in cases when they cannot 
be measured directly for some reason or otlier. The 
usual method used in such calculations is to break 
u]) the com])lex reaction into separate stages. (Calcu¬ 
lation of the thermal effe(;t sought is based on the 
fact that the total amount of heat evolved (or 
absorbed) during the reaction in question equals 
the algebraic sum of the heat evolved (or absorbed) 108. Calori- 
during the successive stages of the reaction. When motric bomb 
carrying out such calculations it should be kept in 
mind that the heat of formation of a complex substance from simple 
substances equals its heat of decomposition with the opposite sign. 

* The symbol (aq) indicates that the substance is in aqueous solution. 

27 



- NaHS() 4 (aq) -f H 20 (liq.) -f 14.75 C’al. 
Na 2 S() 4 (aq ) -f H 20 (liq.) -4- 10.65 Cal. 

Total 31.4 Cal. 
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A good examf>le of tlie use of Hess’s Law is calculation of the heat 
of formation of carbon monoxide from the simple substances—coal 
and oxygen. The thermal effect of this reaction cannot be determined 
directly by experiment, as coal, when burnt, forms carbon dioxide and 
not carbon monoxide. But knowing the heat of formation of carbon 
dioxide from carbon and oxygen (1)7.7 Cal.) and the heat of combustion 
of carbon monoxide (68 Cal.), the heat of formation of carbon monoxide 
can be calculated. 

Tlie combustion of carbon can be rc'])resented by the following 
thermochemi(*aI ecpiation: 

(Hs) f 02 (g) - C() 2 (g) - I 67.7 (‘al. 


We break this reaction u]) into stages, assuming that the carbon 
burns to form carbon monoxide, ^^'hich then burns in its turn, forming 
carbon dioxide. Denoting the heat of formation of carbon monoxide 
by X, we write the ecpiations for the individual stages of the reaction 
and add them up: 

('H * O 2 - (’0 + .r(’aI. 


('() i I (>2 - CO, (58 Cal. 

C -I (>2 -■ COg 4 ,r Cal. -I (58 (*al. 

Comparing the resulting e(|uation with that written above we find: 


henc(^ 


X f 68 Cal. -- 67.7 Cal. 
.T - 29.7 Cal. 


Thc^refore, the heat of formation of carbon monoxide from carbon 
and oxygen equals 26.7 C^al. 

The result obtained is very interesting. It shows that the addition 
of the second oxygen atom to the carbon atom is accompanied by the 
evolution of a much larger quantity of heat than the addition of the 
first atom. This is due probably to the fact that the first bond that has 
to be ru])tured during the oxidation of carbon is that between the car¬ 
bon atoms. This work consumes the greater part of the energy liber¬ 
ated during the union of the carbon atom with the first oxygen atom, 
so that only the energy left after this is liberated as heat. 

When coal burns to form carbon monoxide it evolves only a little 
over a quarter of the amount of heat produced by its comjilete com¬ 
bustion. Hence the economic importance of complete combustion of 
fuel. The presence of a large amount of carbon monoxide in the flue 
gases discharged into the air shows that a considerable part of the 
energy, contained in the coal burnt, was lost. 
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To help the student to master tliermochemical calculations, we shall 
calculate the thermal effect of the reaction of combustion of methane 
("H 4 , proceeding from the following data: the heat of formation of 
methane is 21 .7 Cal., of water 68.4 (^al., and of carbon dioxide 07.7 Cal. 

Denoting the thermal effect sought by .r, we write down the reaction 
of combustion of methane: 

(-^H 4 (g) + 20,(g) - CO,{g) + 2 H,()(liq.) + :r Cal. 

We break the reaction up into stages. Suppose the methane decom- 
])()ses first into hydrogen and carbon, and then the carbon and hydro¬ 
gen unite with oxygen to form water and carbon dioxide respectively. 
Considering that the heat of formation of methane equals 21.7 Cal. 
and thcT-efore the same amount of heat must be absorbed during its 
decomposition, we write out the ecpiations for the individual stages of 
the reaction and add them uj): 

CH 4 - I 21.7 Cal. 

(; + O, ---- (X), + 07.7 

2 H , -f O, 2 H, () + 2 ♦ 68. 4 Cal . 

CH, -f 2 O, I CO, + 2 H2(7+ 21^8 Cal. 

The above example is an illustration of the following general corollary 
derived from Hess's Law: 

Thr thermal effect of a chemical reaction equals the sum of the forma- 
turn heats of the resulting substances minus the sum of the formation heats 
of the reactants, 

"fhis corollary simplifies many thermochemical calculations. For 
instance, the above problem can be solved in the following way. 
Writing out the equation of the combustion of methane and denoting 
the thermal effect sought by x, we write the respective heat of forma¬ 
tion under the formula of each substance: 


hence 


CH 4 (g) + 2 02 (g) ^ CO,(g) -f 2 H,()(liq.) f Cal. 
21.7 Cal. 97.7 Cal. 2 • 68.4 Cal. 

a: -- 97.7 + 2 • 68.4 — 21.7 - 212.8 Cal. 


163. Fuel and Types of Fuel, Amoiq^hous carbon, as charcoal and 
coke, mineral coal, and many carbon compounds, play a very impor¬ 
tant part in modern life as sources of various kinds of energy. When 
coal and carboniferous compounds are burnt, heat is evolved which can 
be employed for heating, preparing food and for many industrial proc¬ 
esses. Most of the heat obtained, however, is converted into other 
kinds of energy and is used to do mechanical work. 


27* 
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True, to put various niachiiies into motion we use, besides thermal 
power, the ])()w^er of falling water (“white eoal"') and wind powder; 
there have also been attempts to make direct use of solar energy; 
howevc^r, these ai’e all as yet but a small fraction of the j^ower obtaine>d 
by burning fuel. 

The chief typos of fuel are: mineral coal, ])eat, wood, mineral oil 
and natural gas. 

Minvral ami is the most widely used type of fue!l. It is used both 
directly for burning and for t he ))roduction of more A aluable types of 
fuel, namely, coke, licpiid fuel, gaseous fuel. 

The world's resources ol‘ mineral coal aie estimated at 7,000,000 
million tons. 1'he coal resources of the TT.S.S.ll. are the second largest 
in the woi'ld. 

The coal mined in tsarist llussia coidd not (^over the r('(piirein(uits of 
even the underdeveloped industry of that time, and mineral coal was 
imported additionally from abroad. The only source of coal in the whole 
country at that time was the Donets Basin. Russia occupied the sixth 
])lacc in world coal mining. 

After the ()(^tober Revolution great changes took |)lace in the coal 
industry. J)uring the ])re-war five-year plan ])eriods new coal basins 
were ])ut into of)eration in ( -entral Asia, in the Caiu^asus, in lOastern 
Siberia. (V)al mining was started in the Far North and in a number of 
other districts. The output of coal in 1955 amounted to .-191 million 
tons. By the end of the Sixth Five-Year Flan (I9()0) it will be 200 
million tons more })er year. 

Mineral coal is the remains of the vegetable kingdom wliicli existed 
on our ])lanet in the long past periods of its life. The older tlu^ coal, the 
moTx? carbon it contains. 

Three main ty])es of mineral coal are distinguished: 

1. Anihracile, the oldest of mineral coals. It has a high density and 
bright lustre, contains an average of 95 j)er cent carbon and gives a 
large amount of heat when burnt. The resources of anthracite in the 
U.S.S.lv. constitute about 5,5 per cent of its total coal resouices. 

2. Bituminous ami is a com])act black substance containing betAvecn 
75 and 90 per cent carboji. It is the most w^idely used of all mineral 
coals. 

3. Brown ami or lignite contains ($5 to 70 per cent carbon. Is brovMi 
in colour. The youngest of all mineral coals, it often l)ears traces of the 
structure of the wood from which it originated. BrowMi coal is very 
hygrosco})ic, has a high ash content (from 7 to 38 per cent), and for 
that reason is used only as local fuel. 

Re(5t>ntly larger and larger rjuaiititic^s of brown coal have been employed as 
a raw inat.erial for the production of valuable types of li<|uid fuel, gasoline and 
kerosene. For this ])urpose the powdered coal is hydrorfcmitrd, i.e., heated under 
high j)res.sure with hydrogen in the j)ro.senee of (ratalysts. Under the action of 
hydrogen the v(jry (iomplex organic iiKdcHiiikis split ai)art and form simpler 
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Tn()U‘(uilos (W’satunitcul liyHrocarbojis (sot; § 109). Tlio ])rt)(]uo1s rt;sultiag from 
lilt' hytlrogonal ion of (*oal arc again split aiul foiivtirit'd into gasolint* and 
lN(*rosono. 

Of great importance in many districts of tlie U.S.S.K. is the use of 
peat. 

Peat is a product of the first stage of formation of mineral coals. It 
forms in imimmse (piaiitities at the bottoms of marshes frotn the dead 
])arts of marsh lichens. In cx])lorcd ])eat resources the O.S.S.R. is tlie 
richest, eountiy in the world. The carbon (jontent of ])oat does not ex¬ 
ceed 05 jier cent. Its chief disadvantage as a fiu*! is its high ash content. 
I Vat is burnt as a local fuel at a number of large*. ])o wer stations. 

Dry distillation of peat re^sults in jxaii coke, whi(!h contains very little 
sul])hnr, making it suitable for sTucIting high ({uality iron. Besides, 
upon dry distillatimi ])eat yields a number ol‘ valuable chemical prod¬ 
ucts. 

Wood occupies a secondary place in the total fuel balance. 

In recent years the use of wood as fuel in industry has been contin¬ 
uously d(K;reasing, as timber can be utilized to greater advantage for 
other purposes. 

Mineral oil has been used widely as fuel ev(‘r sin(;e the end of thc! 
XTX century vhen the internal-combustion engine was invented. 
This engine buj*ns oil and makes it ])Ossible to utilize a much greater 
])art of heat evolved during the combustion of the fuel than the steam 
engijie. Oil juoducts, gasoline and kerosene, are used as fuel for trac¬ 
tors, automobiles, aeroy)lanes, etc. The great importance of interiial- 
combustion engines in modern life makes oil, and especially its jrrod- 
ucts, a fuel of pi-ime importance. The explored oil n^sources of the 
Soviet Union are the largest in the world. 

The Russian oil industry began to develop extensively under Soviet 
])ower. By 1940 the production of oil had increased 3.4 times comj)ared 
to 1913. in 1955 the oil out})ut was 71 million tons and by 1900, the 
last year of the Sixth Five-Year l^lan, it will be 135 million tons. 

Natural consisting of methane and other saturated hydrocar¬ 
bons, is a very cheap and convenient fuel. The im])ortance of natural 
gas is evident from the fact that in the course of 12 yenirs (1940-52) 
its extraction in the ca})italist countries increased threefold and 
reached 259,000 million cubic metres, whilst the coal output of these 
countries hardly increased at all during the same period. 

Natural gases began to be utilized in our country practically only 
after the war. In 1947 the Saratov-Moscow gas line, 843 kilometres 
long, was completed, and this increased the su})])ly of gaseous fuel to 
the capital by about five times. In 1948 the i)ashava-Kicv gas line 
was put into operation, bringing gas to the Ukrainian capital from 
Dashava, a very rich source of natural gas in the Carpathian foothills. 

The extraction of natural gas, as w^ell as the production of gas from 
coal and carbonaceous shale, is to be greatly increased iri the nearest 
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futin*e. By 1060 the Soviet Union will be producing 40,000 million 
cubic metres of gas per year. 

Equal quantities of fuel give different quantities of heat when burnt. 
Therefore, to evaluate tlie quality of a fuel, its heat value is determined, 
this being the maximum amount of heat evolved uj)oii comjdete com¬ 
bustion of one kilogram of the fuel. 

The various types of fuel consist mainly of the three elements: 
carbon, hydrogen and oxygen. It may be considered that the higher 
the carbon and hydi-ogen content in the fuel, the greater its heat value. 

The average composit ion of the organic mass of various kinds of fuel 
and their heat values are given in Table 25. 

Table 20 


IJloiiionlal ComposHloii and Heal Values of Various Kinds of Fuel 



(\)ritorit, por 

fMint 

Hotit valiji.' 




I 

C^urbori 

H ytlrojcri *11 

; OxyjTtMi (iiitro- 
j .sijl])luii ) 

Cal./kK. 

Wood, air-dr V . 

so 

6 

1 

1 

! 44 

4,500 

P(^at, air-drv. 

59 

a 

i 35 

5.400 

Brown coal . 

69 

5.5 

: 25.5 

6,700 

Bituminous coal. 

82 i 

4.:i 

J3.7 

8,400 

Anthracite. 

95 1 

2.2 

i 2.8 

8.100 

Charcoal. 

100 1 


i 

8,080 

Mineral oil. 

85.5 i 

1 

14.2 

1 0.3 

i 

10,.500 


164. Gaseous Fuel. Of essential importance for many industries is 
not only the heat value of a fuel, but also the highest temptJi'ature that 
can be obtained with the fuel, if burnt rationally. This temperature is 
called the pyrometric buriiirig effect and, besides the calorific power of 
the fuel, it depends to a considerable extent on the physical state of 
the latter. 

Experience sliows that for comj)lete combustion of a solid fuel, 
approximately one and a half times the amount of air neesded theo¬ 
retically must be introduced into the furnace where it is being burnt. 
This excess air absorbs part of the heat evolved and greatly lowers the 
pyrometric burning effect. 

A higher pyrometric effect is obtained when a liquid fuel, such as 
crude oil, is burnt. The oil is introduced into the stoker by means of 
special atomizers, called burners, which mix it thoroughly with air, 
so that it does not require such an excess of the latter as solid fuel. 

But only gaseous fuel can be mixed perfectly with air and therefore 
it burns up completely with almost the theoretical quantity of air and 
gives the highest ])yrometric effect. 
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Another important advantage of gaseous fuel is the ])ossibility of 
utilizing the iieat of tlie combustion products formed for ]ire heating 
the fuel and tlie air mixed with it, thus increasing the temperature 
dcvelojied during combustion still more. 

The heat of the hot combustion products is utilized in regenerative 
furnaces, a diagram of which is shown in Fig. 109. The furnace consists 
of four regenerative chamliers 
filled with refractory bricks I lid 
in squares. Air is introduced i ito 
regenerator 1V through ])ipc /, 
and the fuel gas into regener¬ 
ator 111 through pipes 2 and 
3. The gases mix under the roof 
of the furnace and burn. 

The combustion products ])ass 
through regenerators 1 and 11, 
transferring their heat to the 
bricks in these chambers. The 
cooled gases are discharged 
through pijic 4 into the chimney 
stack. If valves 5 and 6 are 
turiK^d into the jiosition indi¬ 
cated by dotted lines on the dia¬ 
gram, the direction of the gases 
changes: now the air and the 
fuel gas ])ass into regenerators 
1 and 11, where they are pre- 
heated, while the combustion Kig. 109. Ilia^rani (>f n^^ontiraiive luniaoo 

productsaredischargedthrough ^ 

regenerators 111 and IV. 

\ n regenerative furnaces the temperature may rise as high as 1,800° (•. 
In such furnaces not only iron and steel, but even platinum, can be 
melted. 

Of course, part of the fuel must be expended on converting the 
solid fuel into gaseous. (Jalculations show that about one-third of 
the total heat that the fuel can yield is lost in this way. However, 
this loss is made up for by the high temperature developed in burn¬ 
ing the resulting gases, especially if it is taken into account that 
they can be ])roduccd from such materials as peat, slack coal, etc., 
which will not give high temperatures if burned in ordinary furnaces. 

The most important types of gaseous fuel are: natural gas (see 
§ 103), producer gas, w^ater gas and coal or coke-oven gas. 

Producer gas is obtained by bloAving air through a layer of red-hot 
coal. This process is carried out in tall cylindrical furnaces, called pro¬ 
ducers (Fig. 110). The fuel, say coal, is dumped into the producer at 
the top, w^hile air is forced in at the bottom. As the coal bums, carbon 
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dioxide forms in the lower part of the producKM* aii(J ii|)on rising is 
reduced by tlie hot coal to (carbon monoxide; the latter is dis(;harged 
from tlie furnace together witli t he nitrogen of the air, which had not 
taken ])ar*t iji the reaction, through an o])(‘ning in tlie side wall of the 
])roducer. A mixture of these two gasc's. containing tlieoretically two 
volumes of nitrogen per volume of caibon monoxidi* (or more pre¬ 
cisely .‘M.7 ])er cent (^() and 05..*1 per cent No) is known as producer gas. 



Products* gas usuall\' contains a little 
carbon dioxide (2.5 to 5 per cent). 

The reactions taking place in th(' 
producer may be ex])ressed by the 
following eipiations: 

V \ Oo (H)o V !)7.7 (hi. 
(T)o4(^ 2(^0 :is.:5Cal. 

More heat is lilxMated dining the 
first of these riavctions than is absorbed 
during the second, so that in the long 
run some exc(‘ss heat is obtained, which 
keeps the coal in tlu^ jiroducer hot. 

Water ya^s is made by passing steam 
through a layer of red-hot coal in a 
producer: 

(^ -!- HoO - (’() i Uo -2S.I (hi. 


Diagram of inofhHH'r . t . i 

As can be seen iiom the ecpia- 

tion, water gas consists of e(|ual vol¬ 
umes of carbon monoxide and hydrogen. As both component parts an^ 
combustible, water gas gives a higher tmnperature, when burnt, than 
producer gas. 

As the formation of wat(‘r gas is accornjianied by absorption of lieat, 
the jiassing of steam through the coal in the producer soon makes it 
cold. Therefore the production of water gas is usually alternated with 
the production of jiroducer gas, making it jiossible to keep the coal 
at red heat. 

Water gas is used not (>nly as a gaseous fiud but also as a raw material 
for the pre[)aration of hydrogen for the syntluisis of ammonia (see 
p. liU). 

A gas close in comjiosition to water gas can bo obtained by passing 
a mixture of steam and oxygen through the producer. 

Coke-oven or coal gas is the gas obtained by heating bituminous coal 
to a high tem])erature out of contact w ith air. Large quantities of this 
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gas Mi(- used pure or mixed with natural gas in industry, in laboratories 
and for domestic purposes. 

( V)al gas is a mixture of various combustible gases. Its composition 
(le])ends on tlie raw materials, but on the av(>rag(‘ it may l)e expressed 
by the following figures: 


(lrf)f^(‘n . 55 p. c. 

. ,30 ]). c. 

(5i!})oii JuonoxiOt'. 4 j>, c. 

OtluT hyUrofarboiis. j). c. 

hicoinbusl il>Jr‘ iin|>iiri< i(‘S Oj.) . S p, c. 


When using coal gas or its mixtures with natural gas for domestic 
|)urposes, it slioTild be liandled with care, as it contains a considerable 
j)erc(aitage of carl)on monoxide. S[)ecial ])recautions should be taken 
to ])revejit leakage. VV'hen the gas is not burning, the gas cocks should 
always be turned off. 

(‘ }f(1er(jround gtrsilicolion of aud. Coal van bt? convert-CKl into gastMjus 
fuel by gasiticat ion right in t he seams in which it occurs (under the earth). 

The ])()ssibility of underground gasification of coal in liussia was 
first suggested by 1). Mendeleyev in 1888 after a triji to the Dojiets 
Ikasin, where lie made a thorough study of the state of the coal industry. 

In an article entitled '"The Future Might hying on the Banks of 
the Donets, ’ published in the journal ‘SSeverny \'estnik," Mendeleyev 
wrote: “...There will iirobalily even come a time when coal will 
no longer be extracted from the earth but will l)e converted right there, 
in the earth, into (iombustible gases which will be sent over long dis¬ 
tances through iiipes.” 

Later Mendeley(*v repeatedly returned to tlie idea of underground 
gasification of coal. In ])articular. with resjiect to the underground 
tires of coal seams occurring at that time in the Urals, he wrote: 
“.. . As to these coal seam fires, it seems to me that they could be 
utilized by getting them under control and directing them to make the 
coal burn like in a ])roduc(T, i.e., with a limited sup])ly of air. Then 
carbon monoxide should form and producer gas would be jiroduced 
in the seams.” 

For a number of years Mendeleyev persistently i)ut forth his ideas 
of underground gasification, deeply convinced of the possibility ot 
tlieir realization. Ihit all Mendeleyev’s appeals to coal manufacturers 
to experiment with underground coal gasification were in vain. His 
suggestions were considered too fantastic; and unreal at that time. 

The English chemist Jlamsay worked on the ])roblem of under¬ 
ground gasification of coal between 1910 and 1915. 

Howev(^r, only in the U.S.S.R. has D. Mendeleyev’s idcca begun to 
be realized. Numerous experiments carried out in the Donets and Mos¬ 
cow (!^oal basins have shown the technical ])ossibility of solving this 
jnoblem. 
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165. Oarboii in Nature. When various types of fuel are burnt 
and, in general, during the coinbustion of organic substances, as well 
as the decay of animal and plant remains, all the carbon contained in 
them passes finally into carbon dioxide, a substance incai)able of 
further combustion and devoid of the energy contained in the organic 
substances. If, de^s|)ite combustion, organic substances, animals and 
])lants still exist in nature, there obviously must somewhere be a ])roc- 
ess o])posite to (combustion, during whicli the carbon dioxide forms 
organic substances again. This proccess, as is known, takes jilace in 
plants, in their leaves, in those green (corpuscles which account for 
tlie green colour of the leaves and are called chl()ro])hyll granules. 

Plants abstract carbon dioxide from the air, evolving an equal 
volume of oxygen back into the atmosphere. In the presence of chloro- 
])hyll carbon dioxide reacts with water, turning into more complex 
carbonaceous com})ounds, such as carbohydrates. Schematically the 
formation of carbohydrates may be represented by the equation 

6 (X)., + 6 H/) - C«H, A + 6 Oa 

j?Ui<*ose 

At the same time, starch and the various other substances contained 
in plants arc formed. These substances serve as food for animals and the 
chief source of the energy consumed by human beings. 

Thus, carbon goes thiough a definite cycle in nature: carbon diox¬ 
ide is withdrawn from the atmosphere by plants and converted into 
organic matter; combustion or decay of this matter, as wtJI as the 
res])iration of peojile and animals lead again to the formation of car¬ 
bon dioxide which is discharged into the atmosphere, whence it 
is again witlidrawn l)y ])lants, etc. 

However, the transformation of carbon dioxide and w^ater into organ¬ 
ic com])()unds can take ])lace only if energy is absorbed from the sur¬ 
roundings. This energy is supplied by the sun. Solar rays, falling on the 
green ])lants, are absorbed in cells of the latter by the chlorophyll 
granules and give rise to the changes mentioned above. Since this 
])rocess takes jdace under the influence of light it is called photo¬ 
synthesis. 

ScieiKte is indebted to the Ivussian scientist K. Timiryazev for the 
explanation (jf the formation of organic substances in plants, on which 
the (existence of the entire organic w’^orld de])ends. Timiryazev devoted 
his whole life to the solution of the problem of the air nutrition of 
plants. 

Prior to Timiryazev's studies the green colouring (3f plants was not 
tliought to have any special significance. As a result of prolonged and 
])ainstaking work Timiryazev first proved that the entire process of 
])lant nutrition is closely connected precisely with the green colouring 
of the chlorophyll granules. Studying the influence of various sx^ectral 
rays on the decomposition of carbon dioxide by x)lants, Timiryazev 
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established that this [)roeess takes place the most ijiteasively under 
the action of red rays, i.e., the rays which are comj)letely absorbed 
by the green chlorophyll and })ossoss th(> gix^atest amount of 
energy. On the other hand, carbon 
dioxide hardly deconi])oses at all 
under the rays Avhich are not 
absorbed by chlorophyll. 

Timiryaze V’s exceed ingly refined 
and delicate experiments left no 
doubt of the fact that the assimi¬ 
lation of car bon dioxide by ])lantsis 
due to their absorbing solar energy, 
which is thereupon transformed 
into the chemical energy of the or¬ 
ganic substances formed. Thus, all 
the energy we consume, whether in 
using organic substances as food, 
or in burning them as fuel, comes, 
in the long run, from the sun. 

Having ascertained the funda¬ 
mentals of the j)rocess of plant 
nutrition by air, having established 
the part i)iayed by chlorophyll in 
this process, 'Timiryazev proved 
that the Law of Conservation of 
Energy is apjJicable also to phe- 
nomena of live nature. This posi¬ 
tively refuted the reactionary ide¬ 
alistic theory of 'S'ital force” (see § 166) which blocked the way to 
a profound investigation of processes taking ])lace in live organisms. 



Klirnoiil Arkadvevich 'riiuirvazov 
(184:M920) 


OIUJANTC COMPOUNDS 

166. General Features of Organic Compounds. The compounds of 
carbon (with the exception of a few of the most sim])le ol them) 
have long been classed as organic compounds, as they occur in nature 
almost exclusively in the organisms of animals and })lants, being an 
indispensable and the chief constituent part oi these organisms. In 
contradistinction to organic compounds, such substances as sand, 
clay, various minerals, water, carbon dioxide and others occurring in 
''inanimate nature” arc called inorganic or mineral compounds. 

The classification of substances into organic and inorganic was due 
to the fact that for a long time it was considered ini]>ossible in principle 
to obtain organic substances by synthesis from sim|)le substances. 
The formation of organic substances was attributed to tlie influence of 
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a .s])eeial 'vital force,” active only in live organisms and not taking 
any part in the fonnalion of inorganic compounds. The adherents of 
this theory were called \'ita1ists (from the Latin ri^ ritalhs vital force). 
The ^■italists attempted to tind in the ])luMU)mena of animate natnn' 
])roof of tlie existence of certain mysterious foi'ces in the world, whicli 
cannot be accounted foroi* studied, and are not governed by ordinary 
physico-chemical laws. I'lie vitalists were headed by one of the most 
authoritative chemists of the first half of the Xl .\ cent ury, the Swed¬ 
ish scientist Bei-zelius. 

A'italism received its lirst blow when in 1S2S the (ierman chemist 
Wohler obtained urea in the laboratory from annnoniuin cyanate 
NH/'XO, which, in its turn, could be synthesized from sini])le sub¬ 
stances. One of the pjoducts of the vital activity of animals, nrea. 
was undoubtedly an "organic” substance and, accoiding to previous 
views, could be ])i‘oduced only under the intluence of "vital for(H>.” 
Xow urea has been obtained artificially in the laboratory. Ho^^ever, 
vitalistic views were so widespread anumg scientists, that no great 
importance was attached to Wiihler’s discoveiy. 

Chemistry was freed from vitalistic ideas only in tlu* middle of 
the last century, after the French chemist Berthelot succeeded in 
synthesizing a number of sim])le organic com])ounds ((*arbohydiat(\s. 
alcohol, etc.), and the Bussian chemist A. Butlerov first synthesized 
a substance Inilonging to the sac(‘hari(Ie group. This proved that no 
mysterious vital force existed and that the formation of organic 
com])ounds takes place according to the same laws as inorganic sub¬ 
stances. 

It does not follow from this. howcA^er, that a live organism can be 
regarded as a system determined entirely by only ])hysico-chemical 
hlAVS. 

The biological ])rocesses occurring in live organisms are higher, 
more complex forms of the motion of matter and cannot be reduced 
entirely to the forms of itiatter motion studicnl by i)hysics and 
chemistry. 

After organic substances had been synthesized, the demarcation 
line between organic and inorganic substances disap})eared; however, 
the name “organic; substances” persisted. Now this name refers to 
all carbon-containing compounds in general; the majority of these 
com])ounds do not even occur in organisms but have been obtained 
artificially in the laboratory. 

One of the important features of organic compounds, which leaves 
its mark on their entire chemical behaviour, is the nature of the 
interatomic bonds in their molecules. In the great majewity of cases 
these bonds are of a ])ronounced atomic nature. That is why organic 
compounds, as a rule, do not ionize and react wdth one anotlier com¬ 
paratively slowly. While reactions between electrolytes in solution 
take place almost instantaneously, the time necessary for any reaction 
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betAveon organic substaiices to be coni])lcte(l nsnally amounts io 
liours a]id sometimes days. Tliat is why the use of various catalysts 
is of great importance in organic chemistry. 

Another characteristic feature of organic com])ounds is their ten¬ 
dency to undergo profound (?hanges when heated, hn'iniiig new 
substances with entircjly new' ])ro])erties. For instance, if wood oi* 
coal is heated without access of air, a number of new, practically 
very important, j)roducts result. Jf heated, on the other hand, in 
the ])resence of air or oxidants, organic substances >)urn up, the 
carbon and hydrogen contained in thejii being converted completely 
into cai’bon dioxide and water, while th(^ niti'ogen is usually li})erated 
in the free state. This forms the basis of the elementary analysis of 
organic com])ounds: the carbon and hydrogen (jontentin tlie substances 
burnt is determined by the (piantity of carbon dioxide and water 
formed, the nitrogen evolved is measured directly, w^hile the oxygen 
content is established by the diifeience between the wc'ight of the 
substaiu^e buriit and the weight of the other elements it contaim^d. 

Th(‘ mol(>cular formula of an organic substance can be d(jrived 
from analysis data and determination of its molecular weight. How¬ 
ever, contrary to inorganic compounds the molecular formula of an 
organic substance gives no idea of its nature or its ])roperties. The 
trouble is that very many organic compounds are known to ])()ssess 
identical (compositions and identical molecular weights, but never¬ 
theless to have entiiccly different ])hysical and even chemical propeities. 
For example, though the composition of ethyl alcohol and of dimethyl 
etlucr are represented by the same molecular formula CgHj-O, they are 
entirely different substances. Ethyl alcohol is a li(|uid boiling at 
jniscibie with water in all ])ro])ortions, while dimethyl ether is a gas, 
almost insoluble in water; their chemical ])roperties also have very 
little in common. 

This ])henonienon, very common among organic compounds, is 
know'll as isomerism, and substances responding to the same molecular 
formula, but differing in properties, are called isomeric substances 
or isomers. 

The various cases of isomerism are explained by the theory of the 
structure of organic compounds founded in the sixties of the last 
century by A. ihitlerov. 

ir>7/A. M. Butlerov and Ilis Theory ol Chemical Structure. Alexander 
Mikhailovich Butlerov was born in 1828 in the tow^n of Chistopol, 
Kazan tJubernia. In 1849 he graduated from the Kazan ITniversity, 
wdiere he studied under the prominent Russian chemists K. Klaus 
and N. Zinin. 

After graduation Butlerov w^as loft at the University to pre])are 
for the title of professor, and soon began to deliver lectures in chem¬ 
istry. In 1851 Butlerov submitted a thesis “On the Oxidation of 
Organic Compounds” for which he received his master’s degree, and 
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ill 1854, after siibniitting a dissertation ‘‘On Kthereal Oils,” he was 
admitted to a doctor’s degree and tlic same year was elected professor 
of the Kazan University, where lie instructed for a period of 20 years. 

In May 1808, the Council of the Petersburg University, on 1). Men¬ 
deleyev's suggestion, elected Butlerov professor in the chair of chem¬ 
istry, after \ihicli his entire seientilic and [ledagogieal activities were 

transferred to Petersburg. For 
firominent scientific merits 
Butlerov was in 1871 elected an 
extraordinary, and in 1874. a 
full membei- of the Ivussian 
Academy of Sciences. 

From the very first steps of* 
his scientific activities Butlerov 
showed himself to be a brilliant 
experimenter ami carried out a 
number of remarkable syn¬ 
theses, in ])articular the syn¬ 
thesis of the first artificial sac¬ 
charide substance which he 
called invtlnflvniUm, and the 
synthesis of vrotrojrnK a com¬ 
pound now widely used in 
medicine. 

Butlerov's talent as an ex per- 
imenter was supplenumted by 
his power of broad theoretical 
generalization and scientific 
Ah MikIiailovi(*h Pntlerov prediction. While still a com- 

(is^H-sO) yiaratively young scientist. 

Butlerov put forth a number 
of profound and daring ideas in the field of theorcitical chemistry, 
foi’ instance, with resjiect to expressing the structure of mole¬ 
cules and their interatomic bonds by formulas. At that time many 
chemists thought that science would never be able to jienetratc 
into the structure of the molecule, but Butlerov was confident that 
the structure of the molecules of organic compounds could be ex- 
])ressed by formulas, and that this could be done by studying their 
chemical changes. 

In 1861, during a commission abroad, Butlerov spoke at a congress 
of C(>rman scientists and physicians on “The Chemical Structure 
of Substances,’’ ushering in a new epoch in the chemistry of organic 
compounds. Back in Kazan, he elaborated this new science and to¬ 
gether with his numerous pupils undertook extensive experimental 
investigations to confirm his theoretical theses. These works of But¬ 
lerov not only led to a number of new’ important syntheses but 
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also eolifinncd his theory, which, under the name of the theory 
of chemical structure, became the guiding tlieory in organic chem¬ 
istry. 

The essence of Butlerov's theory consists in the statement that 
the properties of substances de]>end not only u])on their qualitative 
and quantitative coin])osition, as was thought jmnnously, but on 
their internal molecular structure as well, and on how tlie atoms, 
making u]) the molecule, are linked with each other. Butlerov called 
this internal arrangement ‘'chemical structure.” 

“The chemical nature of a complex piirticle,” wrote Butlerov, 
“is determined by the nature of its elementary com])osite parts, by 
theii* (juantity and chemical structure." 

Of es])ecial imjxirtance Avas Butlerov's idea that when atoms 
combine chemically in a definite order, according to their val(m(*ies, 
th(\v influence (Xich other in such a way as to partially change their 
own nature, their “chemical content.” “One and the same element," 
Avrote Hutk'rov, “in combination with A^arious other elements dis])lays 
a different chemical essence.” For this reason (changes in the internal 
structure of molecules lead rc^gularly to the appc'arance of ik'av 
qualities.* 

In 1862-03 Butlerov wrote his outstanding work “Introduction 
to a Oomplete Study of Organic Ohemistry," in Avhich he arranged 
the entire aggregate of facts of organic (diemistry on tlu^ basis of a 
strict scientific classification deduced from tlu^ theory of chemical 
structure. In force of thought, scientific dej)th, clarity of form and 
richness in ncAV ideas, Butlerov's “Introduction” resembles Men¬ 
deleyev's “Principles of Ohemistry.” The classification of organic 
eomi)ounds used in this book has remained intact in its main features 
to tins day. 

Intense scientific and pedagogical Avork broke down Butlerov’s 
health and strength, and he died, 58 ye^ars of age, in 1886. 

A. BiitleroA" reared a brilliant pleiad of y)upils Avho developed his 
ideas further. His school gaAC such ])roniinent scientists as V. Mar- 
kovniko\^ A. Favorsky and many others. 

'The importance of Butlerov’s works and his |)rominent role in the 
dcA^clopment of science were characterized excellently by Mendeleye\' 
in presenting Butlerov to the (?hair of organic chemistr}^ at the Peters¬ 
burg University. “A. Butlerov is a professor of the Kazan Uni versity, 
one of the most prominent Russian scientists. He is Russian both 
in scientific education and in originality of his Avorks. A j)upil of 
our prominent Academician N. Zinin, he became a chemist not in 
foreign lands, but in Kazan, where he continues to dcAxdop an in- 

* Ikitlerov’s idoas of the mutual influeneo of the atoms constituting a 
mohiculo wore elaborated by his pupil V. Markovnikov, a ])rofcssor of tlio 
Moscow University. 
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dejKMideiit clieniical school of Ids own. The trend of Butlerov’s scientitie 
works is neither a continuation nor a development of th(‘ id(‘.as of 
his ])redecessors, but belongs entirely to himself. (Chemistry knows 
Butlerov’s school and Butlerov's trend.” 

Ibitlerov's theory of the chemical structiu‘e of molecules is the 
theoretical foundation of organU^ chemistry. It enables the chemist 
to orient himself in the vast diversity of carbon eom|)ounds, to deter- 
ndne the structure of molecules by studying their chemical ])roperties, 
to predict the ])ro|)erties of substances from their molecular structure, 
to outline methods of synthesis for any substances recpdred. 

Over idnet v years have f)assed since the theory of chemical structure 
was founded, but the fundajuental ideas of this theory have not only 
failed to lose their force in time, but, on the contrary, have become moi*e 
consolidated and profound. In ])articular. ])resent-day data on the 
electronic structure of molecules lias fully contirm(>d all tlie con¬ 
clusions obtained on the basis of Butlerov's theory. At the same time, 
tin', ])hysical sense of his “valency lines" turned out to be the pairs 
of electrons common to both linked atoms. This becomes obvious 
if we com])are structural formulas in their ordinary and (‘Icctroinc 
forms. 


Alethyl alcohol EtliylciK' 


H 

n 

IT H 

H H 

H-C — 0—H 

H:C::d: H 

H (' (’ H 


H 

ordinary formula 

H 

rlocdi’onu: formnUi 

onlinury Idrmiila 

i‘lo(*(roni(* (ur-Truda 


AVhen using ordinary structural formulas it must always be kejit 
in mind that each ‘Aalency line” connecting tAvo atoms represents 
one common ])air of electrons. 

168. Fuiidamoulals of the Classification of Organic Compounds. 

The modern classification of organic compounds is based on the following 
])rinciples of the theory of chemical structure: 

1. 'Jlie atoms in molecules arc linked to one another in a definite 
order. Any change in this order results in a new substance with new 
profierties. 

2. Atoms combine according to their valencies. The valencies of 
all the atoms in the molecule are mutually saturated. No free valencies 
are left in atoms constituting molecules. 

3. The properties ofsubstanees depend on their “chemical structure,” 
i.e., on the arrangement of the atoms in their molecules and their 
mutual influence. Directly linked atoms exert the greatest influence 
on each other. Therefore, molecules having similar atomic groupings 
possess similar proi)erties. 
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4. Oarbon is a tetravaJeiit oleTneiit. b]acli carbon atom lias four 
valency units by means of which it can combine with otlier atoms 
or atomic groups, such as H, Cl, OH, NOg, NHg, CN, etc. 

5. Carbon atoms are capable of combining with eacli other t/O form 
an atomic ‘'chain” or the “carbon skeleton” of a molecule. 

Denoting the valency bonds of carbon atoms by straight lines 
and keeping in mind the ])hysical sense of this denotation, the sim])l('st 
chain may be represented as follow^s: 

(‘ -C ... 


The frcHi valemy units serve to combine with other atoms or atomic 
grouj)s. For instance: 

H TT H H H 

i ! ! I : 

H —(’ — {’ -(■ c (; —H 

! ! i I ! 

H H H H H 

]>ontaiu*, a liytlrruMirhoii 

('haiiis may be simple, such as those shown above, or branched, 
as, for instance: 


(V--(^_C —C— or —C —(/ —C —C —C 


i ! 


-C.- 


I I : I 

. c 


(liains may be “open,” as above, or “closed,” in Avliich the carbon 
atoms are linked together to form a ring or “cycle.” For exami)le: 


C 




— C —C — 





These rings, in their turn, may combine with open chains and other 
rings. Finally, carbon atoms may use u]) two or three valency units 
on the bond betw^een each other instead of one. Then we get chains 
wdth “double” or “triple” bonds, the simplest of which may be rep¬ 
resented as follows: 


)C-C< 


and —C C ^ 
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Tlie formation of different, eliains eonsisting of the same nnmber 
of carbon atoms, as well as different ])ositions of other atoms in mole- 
cnlcs of identical composition, account for the numerous cases of 
isomerism among organic com]K)unds. To illustrate, the structural 
formulas of two pairs of isomeric compounds are given below: 
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Isomerism may be due not only to the atoms being linked in different 
orders, but also to differeiujes in their s])atiai arrangement. The fact 

is that the covalent bonds of the atoms 


H 



111. '['(‘tralicdrie rnoflol 
ol’ nifMhtme moU'Ciilo 


have quite a definite direction in sfiaee. 
Wlien the carbon atom forms simple 
bonds they are at an angle of 
to eacrli other, as if the carbon were in 
the centre of a tetrahedron and the 
atoms combined witli it. at its corners. 
Fig. 111 shows a tcdrahedral model of 
methane, the simj>lest compound of carbon 
and hydrogen. 

If four different atoms or groups of 
atoms are combined with the carbon 



Fig. 112. Tetrahedric model of secondary ii-butyl alcohol molecule 
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atom, molecules with two different configurations are ])ossible, as 
shown in Fig. 112. The two models shown here cannot he matched 
in space; they represent the contigurations of molecules of substances 
which differ from one another in some of their ])hysical projawties. 
It can easily be seen that one model is the mirror image of the other. 

If the carbon atoms are combined by a double bond they are both 
in the same planer and the other bonds are also in the same ])lane 
at an angle of 120" to each other: 



If two different atoms or radicals are combined with each of the 
carbon atoms, geometiical or cis-trans-isomerism becomes possible. 
An e.\am|)le of this is dichloroethylene: 


('K, Cl 

H H 


Cl, H 

>' - <’■ 

H Cl 


cis-dicliloioft liyiriic 


t runs-dichlc^rtu^t liylciM' 


111 the molecules of one of isomers the clilorine atoms are both on 
the same side of the double bond axis, while in the molc^iules of the 
other, they are on diff’erc^nt sides. The first configuration is called the 
cis-eonfiguration, and the second, the trans-coniiguration. Cis- and 
trans-isomers differ in })hysical and (?hemical properties. 

According to the structure of their carbon chains, all organic (^oin- 
])ounds fall into three large grouj)s: 

1. Compounds with ojien carbon atom chains, called also acyclic 
compoumls or com])ounds of the fatty series, as th(\y include fats 
and substances reiated to tfiem. J)e[)ending on the nature of the 
carbon atom bonds in the ‘‘cliains,” these conpiounds are divided 
into saturated compounds, containing only sim})Ic bonds in their 
molecules, and iinsaturated compounds, which have double or triple 
bonds between some of the carbon atoms in their molecules. 

2. Compounds with closed carbon atom chains, or carbocyclic 
compounds. These compounds form two subgroups: 

a) compounds of the aromatic series^ characterized by the presence 
in their molecules of rings consisting of six carbon atoms with a 
specific alternation of simple and double bonds; a ring of this kind 
is contained in the benzene molecule, and it is called the henzene 
ring; 


28 * 
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b) alict/dic compoiiiuU ii\\ tlu* mst of tlie parbocyc'lk* compounds. 
Ali(*v(?]ic com])()nn(ls have difforont iniinbors of carbon atoms in 
their cycles ajid different kinds of bonds between them. 

3. HeterocijcUc componmh. .Heterocyclic compounds are those whose 
rings, besides carbon atoms, cojitain atoms of other ekunents (oxygen, 
nitrogen, sulpliur, etc.). 

In classifying organic? compounds, the substances belonging to the 
hydrocarbon class, i.c., consisting only of carbon and hydrogcui,* 
are considered the basic substanc^es. All other (compounds are regarded 
as derived fiom hydi-ocarbons by substitution in their molecules of 
other atoms or atomic grou])s for ])art or all tlu‘ hydrogcm atoms. 
For instan(;(^ al(X)hols are obtainecl by substituting one or sc^vcu'al 
hydrogen atoms in the mol(‘enl(\s of hydrocarbons by hydroxyl 
groups. Therefoj'e, alc^oliols may be rc^gaixled as hj/drcwpl (hriralirc.s 
of hydrocarbojis. For example, 



H 

H 

Tl 

n 

H 

V 

C -IT 

H (■ 

(’ O H 


H 

H 

H 

H 

(.‘t huiK 


hydrocarbon 

• ‘Iliyl ill 

(•oliol nr (‘tliniu»I 


(jJrou])s of atoms accounting for the generic (?liemical ])r‘opt?i*ties 
of substanc(?s b(‘longing to the same class are called functional grou])s. 
The hydroxyl radical is the functional grouj) of alcjohols. 

The functional group of iiitrocjomjxmnds is t he grou]) NOo fnitro- 
group), the functional grouj) of ])rimary amines, the 
(aminogroup), etc. 

If there are sev(?ral different fimctional groups in the molecule 
of a substaiKJc?, the substance is called a 'mixed function compound. 
An exam])le of such a substance is aminocdhanol, a re])rc?sentative 
of the aminoalcoliol class: 

H H H 

\ I 

N —C- (h O H 

I i 

H H H 

Aminoalcohols possess proj)crties characteristic of amines and 
alcohols, but both sets of ])roj)erties arc slightly modified, owing to 
the influence of the functional grouj)s on one another. 


* 111 (tasc of hctorooyolic coiripounds—of crtirbon, hy<Irogpii and the 
otlujr ol(?rnonts contained in the cycle (the heteroatoni). 
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Tlie classes of organic substances are very diverse and in the |)r(>sent 
(ionrse of gcjieral chemistry w(^ can dwell but brielly only on tli(‘ most 
im])ortant of them. 

Satiiraied Hydrocarbons. The simpl(\st rej>res(Mitalive of the 
saturated liydroc.arl)ons is methane it is a colourless, light, 

combustible gas with no odour, almost insoluble in water. Tlie boiling 
])()int of met bane is — 101 .5*^0 and its freezing point, IS t^'C. 

Melhane occurs (piitc frecpamtly in natur*e. The so called natural 
(]ase,H, es(?ai)ing at certain jioints of the globe, consist mainly of 
methane. 

Tins gas is lil)erated from the bottoms of marshes, ])onds and stag¬ 
nant water bodies, as a result of the decomposition of filant remains 
out of contact with air, for which reason it is known also as marsh 
gas. Finally, methane a(^cumulat.(\s constantly in coal mines, when^ 
it is called mine gas or firedamp. As it forms an ex|>losive mixture^ 
wdth air, methane has more than once been the cause of mine 
hazards. 

Met hane is one of the main com])onent parts of (;oal gas, produced 
by lieating coal w-ithout a(‘cess of air cand (containing about 25 to 3b 
l)er cent CH 4 . 

Tho methane molecule is (‘ornjiaratively stable. Under oi'dinar}^ 
(conditions methane will react only with chlorine, and (especially 
vigorously wdth fluorine, 'fhe reaction is accek'rated by light, the 
hydrog(m atoms being substituted successiv(ely by chlorine atoms: 

CH 4 i CI 2 + HCl 

CH;,Cl + CI 2 -> CH 2 CI 2 + HCl, etc. 

There are very many hydrocarbons with properties similar to those 
of methane. Some of them are: ethane CgHg, propane butane 

(^ 4 Hio and others. In the molecules of these compounds all the bonds 
betw^een the carbon atoms are simple ones: 
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H H 
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H H 
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H —C 
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H H 
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H 

H li 

butane 

H 


or 

CH 2 — CH 2 — CH 3 CH 3 (^2 — CH 2 — CH 3 

If we arrange the forjnulas of the above hydrocarbons in order 
of increasing numbers of carbon atoms in their molecules, w^e get the 
following series: 
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CH, C,H« CVHu ^tc. 

molluino ('thaiio propatio huiaiic ])('iilaiu‘ lioxaiU' 

(^impariiig these formulas, we see that each subsequent member 
of the series eontains one carbon and two liydrogen atoms more 
til an the precM'ding member. A ,sYT/r.s* of onjanic compoundfn, all the 
members of ichich are similar in chemical properlies and stnictnre, 
each sid)seijuent member differing from the one preceding it by a ClI.^ 
group of atoms, is called a homological series and its individual members 
are called homolognes. The hydrocarbons mentioned above form the 
homologicffl methane or saturated hydrocarbon series, known also as 
the paraffins (from the Latin parum affinis of low aflinity) due to 
their low activity. Other organic substances can also be grouped 
into similar homological series. 

Homological seiies aie an es|)ecially striking manifestation of one 
of the universal laws of nature, namely, the Law of 'IVansformation 
of Quantity into Qualit\'. The addition or abstraction of one carbon 
and two hydrogen atoms from the hydrocarbon molecule results in 
an entirely dilferent substance wliich, though it has much in common 
with the adjacent members of its series, differs (jualitatively from 
them. The (|ualitative difierence between homolognes is esjiecially 
pronounced in tluvir ])hysical iiroperties. The lowest members of the 
saturated hydrocarbon series (from (-Hj to ai-(‘ gases, and 

the larger their molecular w^eights, the liigher their boiling ])oints; 
the intermediate members of the series (from C^sHjo to are 

liquids at temperatun\s u]> to 20", and the rest are solids. 

Special (Tedit for the study of the homologic*al jiaraffin s(n*ies is 
due to the CJerman scientist (\ Schorlemrner (1834-1892). 

The saturat(‘d hydrocarbons are composite ])arts of crude oil and 
oil jwoducts. l^etroleum ether contains hydro(;arbons with formulas 
fr-om (^5 Hj2 ^ gasoline, from C^H^g to kerosene, from 

(^ioH 22 to ^Solar oil and other heavy oils usc^d as Diesel fuel 

are also mixtures of hydrocarbons; some of them contain as many 
as 20 (;arboTi atoms in their molecules. Still heavicT hydrocarbons 
ar(^ contained in greases, vascdiiie and ])araffin. 

As the number of atoms in the imdeculc^s of the saturated hydro- 
carbons increases, anc^tluT cpialitative feature arises, namely, the 
number of isomers becomes larger and larger. 

Methane CH.,, c’ithane OgHg and propane (’uHs have no isomers. 
Butane C^ 4 H](, forms two isomers: 

OH 3 

/ 

CH 3 -- ifn 

\ 

CHj 

isobiiiaiK? (l>. p. — 17^ (.') 


CH 3 — (:H2 — (JH2 - C^^H., 

norniHl biitano (b. p.4- I"" C) 
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Pontcaiie CV,H]2 throe isomers, the number of isomeric he])taiies 
^'7Hie nine, while the formula re]m\seiits as many as I.SIS 

different hydroearlions, etc. 

Isomerism in the satmated hydrocarbon series was ])redieted by 
A. Butlerov. He also synthesized the lirsi isomers with branched 
cai-bon atom chains. 

The individual homologues and their isomers differ not only in 
])hysical ])ro])erties, but in chemical i)ro])erties as well. The difference 
in chemical prop(‘rties, ])articularly, tells on the tcmdency of some 
of the hydrocarbons contained in motor fuel to (tause knocking?. 

Knocking is due to very rapid d(‘composition (exi)losion) of hydro¬ 
carbons, taking place sudd(‘nly when the fuel mixture is comfiressed 
in the motor cylinder. Knocking prevents a high degree of (tonifire^ssion 
of the fuel mixture from being attained^'' leads to excessive fuel 
(!oiisum])tion and to rapid w ear of the motor. I'he anti-knock character¬ 
istics of a fuel dejiend gnvatly on the strudure of the carbon chains 
in its hydrocarbon molecules, branched chain isomers cause knocking 
much less than straight-chain isomers. 

The anti-knock jiroperties of a motor fuel are characterized by 
its so-called octane iiuml)er. The usual standard samples used for 
determining the octane number are the straight-chain hydrocarbon 
hvplanv (VH]«r with a high tendency for knocking, and a highly 
branched chain isomer of octane, which is almost non-kno(;king. 
The structure of these hydrocarbons is r(^]n*esented by the following 
form 111 as: 

CU , (2 - (^H 2 - C’H 2 (T12 (’H2 - - CH3 

('H3 CH;, 

'x 

('H.,- {■ CH 3 CH 

\ 

('H 3 '^0H3 

i.sooclmio 

Heptane has been given the octane number 0 , and /.s'ooctane, 
the octane number 100 . If we say that the octane number of a fuel 
ecpials 80 we mean that when mixed with aii- its tendency to cause 
knocking is the same as that of a mixture containing 80 per cent 
isooctane and 20 jier cent heptane (undw the same degree of com- 
jiression). 

I 1 ic> octane number of a fuel is raised by increasing the ])ercentage 
of braiK^hed chain hydrocarbons in it, and/or by adding tetraethyl 
lead, a small amount of wdiich greatly decreases knocking. 

* Tho. IhgluT th(' (logrtH? of (•omi)ressioii, the greater the power of the 
motor. 
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Tclravlhyl lead is a heavy poisonous the nioI(H;ular stnieture 

of Avliieli can he represented by tlie following fonnula: 

(^H.j VH. CHo -(^H, 

Vh 

CH, CHo CU. (H, 


(V)Tn])oiinds in whieli the liydroearl)oii radicals are combined 
(iirectly with any metal as. for instance, in tetraethyl lead, are called 
iiielal-orgaiiie eompoiiiMls. They are of immense importance and are 
becoming more so from year to year. Metal-organic compounds 
include, for instance, one of the most elfectix e preparations for lighting 

plant i)ests and diseases, qranosan. or ethyhnercuric chloride . 

-Hg-Cl. 

170. I insaturated Hydrocarbons. The nnsatnrated hydrocarbons 
are those which contain double' or triple bonds betwe'cn some of the 
carbon atoms in their moleeades. The simj)lest re})resentatives are 
ethylene and acetylene: 

If Tl 

V 

/ N, 

Ji II 

ctliylrno 


H — C .. C — H 

ao(*t vloiie 


Ethylene (' 2 H 4 is a colourless gas with a feeble j)leasant odour, 
rather soluble in water. It burns in air with a slightly luminous flame. 
Jf burnt in special torches it will give high temperatures. 

Kthylene is a very important raw' material for the preparation of a 
number of synthetic jnoducts. The use of ethylene is based on its high 
chemical activity, manifested in its ability to enter into addition reac¬ 
tions. The double bond in ethylene molecules is readil}^ ruptured bj^ the 
action of various substances, leaving a simple bond, while new atoms 
or atomic groups are added at the expense of the freed valencies. 
For instance, ethylene easily adds bromine in place of its double bond, 
passing into the saturated compound dibromoethmie or ethylene bro¬ 
mide (■ 2 H 4 Br 2 : 


H H 

\ / 

C - C + 

/ \ 


H Br Br H 


\! !/ 

c - c 
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Addition reactions are characteristk* of all hydro(*arl>on.s with double 
and triple bonds in their molecules. 

Ethylene molecules are capable not only of adding other atoms or 
groups of atoms but also of combining w ith each otlier. This process 
takes place, for instance, if ethylene is greatly (X)m])ressed (to above 
1 ,b 00 atm.) and heated to 200 ' (\ Ender suc*]i conditions tlie ethylene 
molecules combine with one another, as shown in the following scheme: 

(VHs ~ CH. -{ CIT., - (H. } (Tf, i .. .-^ 

("H. ! f'Ho (^H.- (^H. i...| . 

> (^Ho TH. (TI, -(TL- (^Ho- ... 

The reac^tion may be regarded as npiture of the double bonds in a 
large number of ethylene molecules followed by union of t he resulting 
])articles with free valencies (bivalent radicals) to form a singU? giant 
molecule. 

The comhmalion of several molecules into a larger one, due solely to 
union at the double or triple bond, is called polymerization , ami the prod¬ 
uct of such a reaction is called a polymer. 

The polymer of ethylene is called polythene. It is a soft, ])liable sub¬ 
stance resembling gutta-percha and retaining its elasticity at quite 
low temperatures. One of the most valuable properties of polythene is 
its high electrical insulating ])roperties whi(ih account for its use in 
present-day electrical and radio engineering. 

Polymerization of various compounds containing multiple bonds is 
widely used in tlie chemi(;al industry for the ])reparation of various 
kinds of artificial resins, elastic materials, artificial fibres, lubricants, 
plastics, etc. 

Ethylene is the first member of the ethylene hydrocarbon or olefin 
series. The subsequent members of this series are propylene 
butylene C 4 H 8 , etc. 

The main source of ethylene and its homologues is the gases formed 
during the cracking of oil ])roducts. Cracking is th(i process of splitting 
large hydrocarbon molecules into smaller ones, accomplished by heat¬ 
ing saturated hydrocarbons to 400 or ^OO"" C under high pressure. 
For instance: 

(M 3 - CH 2 - (M 2 - CH 3 > CH 2 - (M 2 + (M 3 - - (M 3 

The cracking of oil products, first accomplished on an industrial 
scale by the Russian engineer V. Shukhov (who patented his apparatus 
in 1801), makes it possible to obtain low-boiling hydrocarbons (such 
as gasoline) from hydrocarbons with high boiling points. (Jracking 
always leads to the formation of unsaturated hydrocarbons as well as 
saturated. 

Tiic unsaturated hydrocarbons, formed during the cracking process, 
serve as raw materials for the organic synthesis industry, which puts 
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out liigli-oelane gasolines, alcohols, various solvents, insulators and 
rubber-like materials, plastics and other valuable substances. 

A very im])ortant unsatuiatcd hydrocarbon with a large number of 
douI)le ])onds in its mole(*ule is ruhfn r. The composition of rubber mole¬ 
cules may be expressed by the formula (C^,H^).v, where x may equal 
from 1.000 to ‘5.000. 

Rubber is a ])olymei‘ of the hydrocarbon isoprniv- and Ibrms accoT’d- 
ing to the scheme 

VH,, (’H., 

xVH, .... (dl V -- CH. - I (;H, (^H V (^H, -|v 

is(»prrnr j-ubbor 

As can be seen from this scheme, ])(»lymerization of iso|)rene results 
in a shift of the double bond. 

Rubber lat('x is contained in the milky Iluid of certain ]>lants. Another 
natural ])roduct, (juita-pt vcha, is also a ]K)lymer of isoprene, but its 
mol(‘cuk‘s have a diifenmt contiguration. 

Itaw rubber latex is sticky, and a very slight dro]) of temj)erature 
makes it brittle. To render the rubber suital)le for the manufacture 
of vai'ious products, it is lirst vulcanized (heated with sulj)hur). After 
vulcanization it beconuvs what we usually call rubber. 

The absence of natural rubber in the U.S.S.R. made it necessary to 
develop a method of obtaining this very im])ortant produ(‘t artiticially. 
Soviet chemists discovered a method of producing .^ipitheflc rubfivr 
and were tlie lirst to effect it on an industrial scale. In the process pro- 
])Osed by S. Lebedev (1S74-19,‘54) the raw material for the production 
of syntludic rubber is the liydrocarbon butfidiene -- CH — (' -H - 
^ CHo obtained from alcohol and from ])etroleiim butane. TN)ly!neri- 
zation of butadiene results in synthetic rubl)er: 

:r(‘H2 - CH (^H - CH 2 > [ (’H. - C^H - (^H - CH. - 1^ 

i(r riihlxT 

Other types of synthetic rubber besides butadiene rubber are now 
produced in the U.S.S.U. 

Acvlyhru' (\,H.,. The most im])ortant of the hydrocarbons with triple 
bonds in their molecules is acetylene H — C C — H, a colourless 
gas ])repared by the aedion .of water on calcium carbide: 

CaC;^ f 2 H 2 O - Ca(OH)2 C^H. 

Acetylene is an endothermal comj)ound, and a large amount of heat 
is therefore released during its combustion. The Ingh temperature 
develof)ed when acetylene is burnt makes it suitable for gas welding. 

Acetylene enters into a great variety of reactions, including addi¬ 
tion, polymerization and otliers. Many industrial syntheses of such im- 
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Fig. 113. Synthes^es l»ase(l on actMyleiu' 
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poi laiit ])icKiiic*ts MS iu*eti(? acid, synt.lieti(! rubber, various ])lastics, etc*, 
(see Fig. 11 .‘i, j). 443) de])end on the use of aeetvJene as tli(> raw luatcu'ial. 

Of great theoretical and juactical importance in the iield of nn- 
saturatc^l. and (\speeially acetylene, Jiydrocarbons are the works of 
A. Favorsky (1860-1045) and Ins ]>upils. Favorsky discovered a large 
number of different molecular i*egrouj)ings taking |)lace during clnuni- 
eal reactions, studied th(‘ir regularities and pointed out methods of 
controlling these ])roeesses. 

171. Cyclic IFydrocarhons. Jn the seyejiti(\s of the last century 
\’. Markovnikov showed that, unlike American crude oil, Baku crudes 

consist mainly of cyclic? hydrocar¬ 
bons with five or six carbon atoms in 
their (\vcles. Markovnikov called 
these hydrocarbons iiaplithciies. 44ie 
carbon atoms of naplithene mole¬ 
cules are conncK?ted by sim]>le bonds, 
like in the molecule's of the paraf 
(ins. so that the ])ro])erti(‘S of tlie 
naphthenes resemble those of satu- 
ra ted hydrocai*boi is. 

\'liuiimir Vasilyevich MtirknvuiUov 
was horu in 1S3S. After gradualthe 
Kazan I’niversity in 1800, AlurkovniUov 
was offered a position at the chair of 
Jhiiler<»\. In ISOO Markinjiikov main¬ 
tained his <Ioe1or’s thesis ('litil led “Data 
r)n the Mutual Influ(‘n(?(‘ of Atoms in 
(’heini(*al ('omjMainds,’' in whieli hed(‘vel- 
op<*d th(‘ ideas set forth in i^utlcrov s 
theory of eh(‘mical slruc^turo. 

In 1873 Markovnikov was offcTed a 
position at tho irniv(>rsity of Moscrow, 
wh('re h(> remained as a professor to 
his v(*ry dt^ath. 

Attaching groat imi)ortance to scicmtific ilivestigatimis “oil materials reflated 
to inissian nature," Markovnikov undertook in IHSl an extensive study of 
Kussiaii miiaa’al oils. 

This study l(*d to a nuinher of di.scoviTies, the most important of which was 
a new class of organic comfiounds called iiuphtlieiK's, 

Some examples of naphthenes are: 





X’hidimir \'asilv<*\ ieh -Markovi 
(1838-1904) 
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Aiioilier very iinjxjrlaiil group (‘Tnbrace.s livdroc;ail)()ns wlioso inolo- 
oiiles contain cycles (one or several) consisting of six (carbon atoms 
connected alternately ])v simple and doidjle bonds: 
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Hydrocarbons with such molecular struct ui*es have long betai known 
as arojnatic hydrocarbons. They are j)resent in large quantities in 



Kig. 114. Syntheses based on aniline 
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the coal tar obtained by carbonizatioji of bitimiinoiis coal. I'lie in¬ 
dustrial ini})ortance of aromatic liydi ocarbons is so great that it became 
necessary to ])re|)are them from the hydrocarbons contained in Jiiineral 
oils. This problem \yas successfully solved by N. Zelinsky and his 
])U])ils B. Kazansky and A. Plate, avIio transformed many saturated 
hydrocarbons into aromatic*. 

For instance, if heptane obtained from mineral oil, is heated 

in the])resence of a (*atalyst, the aromatic hydrocarbon toluene results, 
according to the e(|uation: 

C 

CU, 

lirfitain' 

Aromatic hydrocarbons ent(*r into a great yariety of reactions. 
Howeyer, with the (‘ombination of bonds i)eculiar to their molecules, 
reactions charac^teristic of double bonds, i.e.. addition rea(*tions. are 
rare. On the other hand, reactions of hydrogen dis[)lacei]ient by other 
atoms or atomics groups ai’c common in aromatic compounds. 

For instaiKT, benzene and other aromatics hydrocarbons react r(*adily 
with concentrated nitric acid according to the leaction: 
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Reactions of tliis kind aie called nitration. 

Nitration of toluene gi\’es an explosive called trinitrotoluvne (TN'f). 
M’liich haK the following structure: 
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Jn 1S42 Zinin discovcrod the reduction of nitrocoin])oiinds into 
amines, a reaction known ever since as the ' Zinin reaction/’ \^y re¬ 
ducing nitrobenzene he otitained the aromatic amine anll'nn^ 


CH 

CH 

HC (' — NO,, 

1 3 H., — HC C NH., 

-1 2H.,() 

nc ('H 
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CH 
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Zinin’s discovery can lianlly be overappreciatefl. Aniline and other 
aromatic amines are used for the jireparation of a great vari(‘ty of 
synt hetic dyes. Numerous syntheses of ])harmaceuti(‘als. ])hotograi)hic 
reagcmts. e.\])Iosives and otlier va]ual>le materials have V)een develo|)ed 
and accomplished on the basis of aromatic amines (see Fig. 114. ]). 445). 

Nikolai NiUolayovioli Zinin, a prom¬ 
inent Kussian eluanist, founder of’ 1 h(' 
f‘an»ons Kazan school ofor^aniec hemists, 
was horn in ISllL Zinin’s s(M(‘ntifie and 
pedagogical a(*tis ities w(‘r<* eonnee1(‘d at 
fii’st with the KazanIhuA'crsity, wla^n' in 
Jsf2 h<' diseo\'en‘d tlu' reaction of thi' 

])n‘parat ion of anilijK'. A small (juantity 
of’aniliia'obtained pei‘sonall\ hy Zinin is 
k('pt and eherisla'd to tliis day iji tlie 
eh(‘mi('al laborat<.)ry of’ tlie Ibiiversiiv, 

In 1 S47Zinin moveiifo [\'tersbtirj^, where 
he lieaded a (‘hair at tlie Aeadtuny of 
MedieiiK* and Surgery, and in IS<)7 lie 
was (‘lectf'd to full int'mbership in tlte 
Russian Academy of Sciences. 

Jiesides the discovt'ry of thi' n*aclion 
of transformation of nitroIxMizera' into 
aniliiK’, which brought Zinin world fame, 
lu‘ also acc^oniplislied a niiinlier of other 
organic^ syntheses of great practical 
importance*. 

Zinin was the first Rivsidentof the 
Russian (lannical Soci(*ty, foundcMl 
in liSfiS. (now the All-l'iiion Mendeleyev 
(4iemiea] Society). This S(H*i(?ty playt'd 
a great {)arl in th(‘ d(’\'elo])m(*nt of ehean- 
stry and the [propagation of clu'mieal 
kn()wledg(^ in liussia. Zinin remained 
its President for ten vc'ars. 

“Zinin's name will always he honoured by those to whom the [progress and 
might (pf Russian science are dear" (A. Butlerov). 
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172. Halogen Dnivalives of Hydrocarbons. ITalogon dorivativt^s of 
hydrocarbons arc conijxninds whicJi may hv rcgaivlcd as products of 
the substitution of one oi* scvci*ai liydrogen atoms in the hydrocai-bon 
molecule by halogen atoms. The following siihstances excjujdify (X)m- 
pounds of this class: 

Chloroform (or triochloromethane), a licpiid l)oiling at (> 1 . 2 ' 

used as an anax^stlutit? during surgic^al (»j>eratif)ns. 

Cnrhou fdrarhioridf' (X'lj, a lu^avy non intlainmable liquid (b.]). 
Tt).?' ('). is us(xJ as a solvent for extracting fats aiid oils frojn ])lants, 
for removing fatty s]H)ts from clothing, etc. 

Dljlfiorodichloroindlfftm ('F.t'lo (freon) l)oils at is non poison¬ 

ous and docs not react at ordinary tem]>eratures with metals; when 
(^va])orated absorbs a laige amount of iieat. I’sed in refrigerators. 

• r/y//// chloride (‘Ho - (‘H(b a derivative of ethylene. A (x)lourless 
gas, ('asily ])olyjnerized into an elastic mass known as ])olyvinyl 
chloride (—('Ho (‘H(l ).v, very stable against acids and alkalis. 

Polyvinyl chloride is widely used for lining pi|)es and vessels in the 
chemical industry. It is used also for insulating (dectric wii*(\s. foj* the 
])reparatioji of artificial leather, very light, ti’anspai'cnt raincoats, etc. 

Tclrafluorodhi/lcne CFo ('F 2 . Its polymer | (‘Fo—(‘Fo—J.v known 
as "tefloir’ is a very valuable plastic, stable against alkalis, concen¬ 
trated acids and other reagents. Teflon is used in the ])roduction of 
ch ('m ic;al a 2 )parat us. 

JIexachlorocifclol/(\v(nir (hexachloraiu*) and dlchlorodiphcrnilfri- 
chloronidhj/lmdhfnic (.1)1 )T) are widely used to d(\stroy insects and 
agricultural pests. 
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173. Alcohols. Alcohols are hydroxy] derivatives of hydrocarbons, 
obtained l)y substituting hydroxyl groups for one or more liydrogen 
atoms in the hydrocarbon molecule. For instance, methyl alcohol 
(JH.j()H is a hydroxyl derivative of methane ('H 4 , ethyl alcohol 
('H., — CHg - (^H. a hydroxyl derivative of ethane CTfg — C'Hg, etc. 
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If alcohols arc acted upon hy alkali metals, the hydrogen of 
the hydroxyl group linked directly to the oxygen is displaced hy th(‘ 
metal to form solid eom|>ounds soluble in alcohol and known as 

aleohohites: 


OH i :>Xa H,(.IL ONa i H, 

In this ri‘spect alcoliols are similar to many inorganic; compounds con¬ 
taining liydroxyl groups in their Jnolc‘cules, such as water, oxyacids 
and other compounds, in which the hydroxyl groups arc^ linkcMl to non- 
medal atoms. 

Lik(‘ wat(*r. alcohols arc* asso(*iat(*d licpiids (sck^ ^ 7-) for w'liich !‘(;ason 
th(*y have high(‘i‘ l)oiling jioints than other organic substance's having 
(‘(jual molecular weights, but not containing hydroxyl gi'oups in their 
molecule's. 

All alcohols ix'act witli acids, splitting off a molecule e)f wate'r and 
forming ce)m|M)unels known as c.v/c/.v. e'.g.: 


( H.J 0:11 HO XO. .MU., O XO.» : 11./) 

iiHlhyl iiitiir MiftliO 

Jilcfiliol {n*nl niti’iitr 


The* ability to form estc'rs is a (*haract(‘ristic projicrty common to 
all aIce)hols and all aciels. 

At first sight, estc'is rc'semble salts in structiu*e. Actually, howe^ver. 
the resemblance is only formal. The* bond between tlic hydro(;arbon 
ladie'.al (the raelie*al e)btain('d by abstracting e)n(‘ liyelrogen atom freim a 
hydrocarbon mole'cule) and the* re'st of the c'stei* molecule is atomic anel 
not ionic, as in salts. 

rnlike me)st salts, e'sters are inse)luble in wate'r. but dissolve in eu*- 
ganic solvents. Their solutions do Jiot c*e)ndu(*t electricity. 

The fe)rmation of an ester from an ale*e)he)l and an acid is a reversible 
leaction. the* forwarel reaction being called esterification and the back 
reactiem ester hydrolysis or sapoinlicatioii. 

Methyl alcohol or methanol (U^OH is a colourless licpiid (b.p.firr C), 
highly poisonous; causes blindness if drunk, and may even be fatal 
if taken in largo doses. Is obtained in large quantities l)y synthesis 
from carbon monoxide and hydrogen at a high pressure and high tem¬ 
perature in tlie ])resen(*e of a catalyst: 

(^O I l>Ho^-MU./)H 

Metliyl alcohol is ])roduced by the dry distillation of wood and for 
that reason is known also as irood alcohol. It is used as a solvent and for 
the pre])aration of other organic substances. 
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Ethyl alcohol or ethanol CH-jCHgOH (b.p. 78® C) is one of the most 
important initial substances in the present-day organic synthesis 
industry. It has been prepared since ancient times from various 
sugar-containing substances, such as grape sugar, or glucose, which is 
converted into alcohol by fermentation under the action of ferments 
(enzymes) produced by yeast fungi. 

The reaction takes place acconling to the equation: 

(VHiA ->-^(^2Hr,OH + 2 CO., 


The raw material for the preparation of ak^ohol by fermentation 
may be the starch contained in ])otato tubers, or in the grains of i*ye, 
wheat, maize, etc. To convert the starch into saccharide substances, 
the Hour or finely divided jK)tatoes are s(‘alded with hot water and 
cooled, after which malt, i.e., germinated barley grains ground with 
water, is added to it. The malt contains a special enzyme, called dias¬ 
tase, which acts catalytically on the saceharization of starch. After 
saccharization is complete yeast is added to the resulting licpiid, and 
under the acjtion of its enzymes (zimases) alcohol is formed. The latter 
is then distilled off' and purified by redistillation. 

At present cellulose, the chief constituent of wood, is also saccharized 
by the action of concentrated acids. The ])roduct obtained in this way 
is fermented into alcohol by means of yeast. 

Finally, alcohol can be j)repared by synthesis from ethylen(\ The 
]•e^action consists, in the long run, in the addition of water to ethylene 
(in the jiresenee of a catalyst): 

CH^ - (’H 2 1 H./) > (41., - OH 

Besides alcohols with one hydroxyl grou}) in their molecule, there 
are also alcohols whose molecules contain two or more hydroxyl 
groups. Exarnj)les of such alcohols are ethylene glycol and glycerine: 


CH, 

(H, 

('H 2 

- CH 

0 H 2 

OH 

OH 

(m 

OH 

OH 

»‘1 hyl(‘?i< 



^flyforiin- 



Ethylene gl.ycol and glycerine are high-boiling liquids with a swee^t 
taste, miscible with water in all proportions. Ethylene glycol is used as 
a composite yiart of antifreezes, i.e., substances substituting water 
in automobile and aircraft motor radiators in winter. A 65 per cent 
solution of ethvlene glvcol in water freezes at as low a temperature 
as - 40® C, 
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The nitrate cstens of ethylene glycol and glycerine 

, I and i 

ONOj, ONO. ONOo ONOa 

incorrectly called riiiroeihylene glycol and nitroglycerine, are very explo¬ 
sive and arc ns(‘d for th(‘ preparation of dynamite. 

I^henol (\ 5 H 5 OH is a hydroxyl derivative of the aromatic hydro¬ 
carbon benzene ('rH,.. Its structural formula is: 

( H 

/ . 

HC 

HC (^H 


(^H 

Ihire ])henol is a colourless crystalline substance melting at 4r" C. 
It yjossesses a characteristic odour and antiseptic jiroperties. The 
acid properties of the hydroxyl hydrogcm are much more pro¬ 
nounced in ])henol than in alcohols: this hydrogen can be displaced 
by a metal not only by the action of alkali metals, but by the ac¬ 
tion of alkalis as well. That is why ])henol is otherwise called carbolic 
acid. 

Phenol is contained in coal tar and can be prepared also synthetically 
from benzene. Jt is used in large quantities for the synthesis of medi- 
cinals, dyes and plastics. 

174. Ethers. Ethers an* organic compounds, Avhose molecules con¬ 
sist of two liydrocarbon radi(jals connected by an oxygen atom. An 
example is diethyl ether (' 2 H 5 — O — p 2 l^r>* 

Ethers are usually pre|)ared by abstracting a molecule of water from 
two alcohol molecules. For instance: 


O— H f H 0 (^ 2 H 5 <" 2^5 - O (' 2 H 5 1 H/) 

Most ethers are liquids, almost insoluble in water. The most impor¬ 
tant of them is diethyl ether ( 02 H 5 ) 20 , a very mobile liquid with a 
characteristic odour and a boiling point of 34.5“ C. It is widely used in 
laboratory^ practice as a solvent and in medicine as anaesthetic and 
as a composite part of certain medicines. 
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175. AIdf‘livd<‘.s. TJie fniiotional group of aldelivdos is tJie univalent 


group Cx . Examples of aldeliv<les are; 


0 

H (' 

a 


(’H;, (\ 


O 

H 


{ormMhlt'hytlo 


jifftaMrliyiic 


Aldellvdes ai-e ])repared hv oxidizing (lie eorresponding aleohols. 
For instanee. forinaldeliyde is formed l)V passing a mixtun* of methyl 
aleoliol vapoui’ and air ovcm* a hot eatalyst: 

() 

iMdlA>H - ().> — H (■ 2 HJ) 

H 

Fonnaldf Ji f/fir is a gas with a pung(^]it. disagrc^eahle odoin*. vt‘!*y 
soluble in water. It |)ossesses exeel lent antiseptic and tanning pi‘o])(*rti(*s. 
A 40 ])er ccmiI solution of foiTualdehyde in waUn* under the name of 
formalin is widely used for disinfection, for prc'serving anatomical 
])repa]ations. for pickling seeds lK‘fore sowing, (‘tc. ( onsi(l(n*able (pian- 
tities of formaldehyde are used for the pn'paration of its reaction ])rod- 
uets with plienol. I'he reaction taking |)lace may he represented as 
follows; 
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Thv formation of large nioleculeH fram mole('ules of lower molecular 
weight acconipanied hy the splitting off (or shifting) of atoms or groups 
of atoms, is called condensation. 
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The coiidensatioii ])r()(lncts of ])l]enol and forinaldeliyd(> are known 
as phvnol-jormiddih^^^^^^ resins, whieh ])ossess a reniarkable prop¬ 
erty: Avhen heated they at first soften, and then, if further heated 
(especially in tlie ])resejiee of suitaldo catalysts), become hard again. 
Phenol-fonnaJdehyde resins iuv mixed with vajious fillers (wood 
pulp, finely divided j)a])er, asliestos. gra])hite, etc.), with ])lasticizers 
and dyes, and tlu^ wares recpiired are manufactured from the resulting 
mass by hot ])r(\ssing. About 40 ])er cent of all the wares imufe of 
plastics are obtained on th(‘ basis of i)henol-foi*maldehyde resins. 

Ac('ffddeJ(i/(Ir (b.]). ^f^C) is ])repared in industry by the 

(‘ombination of Avater and ac(dylene in the presence of mercm-y salts, 
Avhicli act as catalysts foi* this reaction: 

O 

H (" H lT..()-^( H, (V 

H 


"Ilus industrially important reaction Avas discoAered by the Itussiaji 
sci(Mitist M. KiU'lierov (1 SoO-l011). 

Aldehydes oxidi/x* Aery readily into carboxylic acids. For instance, 
oxidation of acetaldehyde results in the formation of acetic acid, 
Avhich is of great economic importance: 


O 

(V O. 
H 


() 

(\ 

'() - H 


Owing to their i*eady oxidizability aldehydes are ])otent reducing 
agents. 

I7(>. Keloiies. Ketones are com|)Ounds Avhose molecules contain the 
atomic^ grouj) ; ■ (), linked to tAvo hydrocarbon radicals. For 

example: 






- () 

0 

CH, 



■thvl kflont* 


nu'tlivlrtliy 1 krloii 


O 

The group 0 , known as the carbonyl group, is ])resent also in 

aldehyde molecules, '^fhis accounts for tlie resemblaiujc in the chemical 
j)i'oj)erti(\s of aldehydes and ketones. HowcA^er, they are not identical, 
as in aldehyde molecules one of the bonds of the carbonyl group 
is combined with a hydrogen, while in ketone molecules both bonds are 
linked to hydrocarbon radicals. In particidar, ketones are much more 
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difticult to oxidize than aldeli \ des, and are not such powerful reducing 
agents. 

The most important ketone, practically, is dimctliyl ketone, or 
acetone. 

Acetonv — CO — CH.^ is a colourless licpiid with a characteristic 
odour, boiling at 50° C and miscible with water in any proportions. 

Acetone is an excellent solvent for many organic substances, which 
accounts for its wide use in the ])aint and varnish industry, in the 
manufacture of certain types of artificial silk, shatterjjroof organic 
glass, cinema film, etc. Tt is used also for the synthesis of a nunibei’ of 
organic com \ )ounds. 

177. Carboxylic Acids. Carboxylic acids are characteiizefl bv the 

O 

presence in their molecules of the atomic group —C . which 

OH 

is the functional group of this class of compounds and is known as the 
carboxyl grou]). Exam])les of acids arc 


0 

H (V 

OH 

formic aci»l 


o 

0 H 

nc»‘tic Hcid 


0 

CH, ('K„ (• 

OH 

pi’opioiiit* acid 


It can be seen from the above formulas that carboxylic acid mole¬ 
cules, like those of alcohols, contain hydroxyl groups, for which reason 
acids resemble alcohols in some respects. But in acids the hydroxyl 

O 

group is under the iiiHuence of the atomic group - (, while in alco¬ 
hols it i.s influenced only by the hydrocail)on radi(?al. The influence of 
the carbonyl group on the liN'droxyl manifests itself jiarticularly in the 
fact that the hydrogen atom of the hydroxyl group in acids is much 
more ‘ acidic'’ than in alcohols: it is displaced much more readily by 
metals and splits off as a cation, for instance: 


(^HaCXlOH CH.,COO' 4- H/ 
With bases these acids forTU salts: 


("H 3 COOH f NaOH - (^H/JOONa | H/) 

Howevci*, carboxylic acids arc weak acids and therefore their salts 
are hydrolyzed. 

Depending on the number of carboxylic groups in the molecule, 
carboxylic acids fall into uniljasic, dibasic, etc., acids. 

Acetic acid CH 3 COOH (b.p. 118.1° C) was the first acid ever known 
to man. It forms during the fermentation of wine and during the dry 
distillation of wood. It is prepared in industry in large quantities by 
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tlie oxidation of acetaldehydes obtained from acetylene by the Kuclie- 
rov reaction. 

Acetic acid is used in very many chemical processes: in the manu¬ 
facture of various dyes, medicinais, artificial fibn^s, certain types of 
plastics, etc. 

Acids with higher molecular weights, such as the solid saturated 
acids palmitic ( 3 , -C'OOH and dmric (\ 7 H 35 -COOll, and liquid, 
unsaturated oleic acid - (/OOH. are widely disseminated in ani¬ 

mal and plant organisms as esters. Natural fats ai-e mixtures of 
the glycerine esters of these acids. 

The following equation rejiresents the formation of one of these 
(‘sters: 
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while li(|ui(l V(‘geta})le oils are esters of oleic acid. I'lider the action 
of hydrogen (in the ])res(‘n(e of nickel as a catalyst) liquid fats can 
be conv(‘rte(l into solids as a result of the addition of hydrogen at 
the double liond between the (carbon atoms in the esteritied molecules 
of the unsaturated acid. 

Like all (*-sters, fats undcu'go hydrolysis (saponification). The sa])oni- 
lication of fats is in itself a slow reaction l)ut can lie catalyzed by 
strong acids, alkalis, metal oxides or enzymes formed in live or¬ 
ganisms. 

Th(* hydrolysis of a fat in a neutral or acid medium results in 
glycerine and the above-mentioned acids; if they are hydrolyzed in 
alkaline solution the result is not the free acids, but their salts, called 
soaps (e.g., Ci^Hg^COONa sodium soa])). 

Some oils such as linseed oil consist of esters of still more unsaturated 
a(‘ids than oleic, containing two or thn^e double bonds in their 
molecules. Such oils, on being apjilied to a surhice, possess the ])ro])erty 
of forming solid durable films in the air. They are known as drj/ing 
oils, and are used for the ])re])aration of oil paints. 1 \) make them 
dry more rapidly the oils are preliminarily boiled in the presence of 
metal oxides (oxides of cobalt, manganese or lead), which act as 
catalysts for the formation of the film. IMiey are then called boded oil. 

Many esters of carboxylic acids and saturated hydrocarbons iiossess 
pleasant odours and are often found in plants, accounting for the 
fragrance of flowers and the flavour of fruits and berries. Some of 
these esters can be prepared artificially and are widely used under 
the name of ‘'fruit essences’’ in confectionery, in the manufacture 
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of soft drinks, perfumes, etc. Isoumjil acelafv ('H;j(^()()((oil of 
])ears) is used as a solvent for celluloid. 

In recent years certain derivatives of arnjliv avid CH.^ CH 
-COOH . an easily polymeri/.ed unsaturated acid, have acajuired ^reat 
importance. One of them is Nivfh/fl mvihacrylatv ('H.^ - (‘(OH.j) — 

- ('()()OH.j. The polymeis of t his ester arc trans|)arent solids, resistant 
to heat and light. They are used to prepare sheets of strong and liglit 
jfl(.ri(fla.s. widely used for acroiilanes and for th(‘ manufacture of vai'ious 
goods. 

Oxalic acid HOOO -OOOH is the simplest representative of dibasic 
carboxylic acids. It is a crystallin(‘ solid, readily soluble in water. 
It is contained in many ])lants (e.g.. sorrel) in the form of tiu* acid 
potassium salt, and is used for dyeing fahric-s. 

Tcraphlhalic acid, a dibasic carboxylic acid of th(^ aromatic series, 
has the structui’al formula 

HO()(’ — (H)()H 

TVie condensation product of the dimethyl ester of this acid with 
ethylene gly(‘ol (p. 450) is used for the manufacture of lar.san. an 
artificial fibre. 

OH 

Laclic acid (Tl.j - (' H is an exam])le of a com])ound possess- 
(X)()H 

ing different functional grou])S and manifesting the properties of both 
acids and alcohols (alcohoJ-acid). It is fVirmecl during the lactii^ fer¬ 
mentation of sugai’-containing substan(^(‘s caused by special bactm ia. 
It is contained in soiii* milk, sauerkraut. sihxMl fodder, etc. 

A similar compound of the aromatic^ series is salicjfHc acid 
(Oa (f)H)(T)0H, the acetate of which, known as aspirin, is widely 
us(*d as a febrifuge*. 

(H (H 
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I7.S. ("arhohydrates. (Virbohvdratcs include various sugars and 
substances which turn into sugars when hydrolyzed. CWbohydrates 
fall into three grou])s: rnonomccJiaridcs, disaccharides and poly¬ 
saccharides. 
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A representative of the simplest carbohydrates, the monosaeebarides, 
is (jlucxksv, or grape sugar, a white crystalline substance with a sweet 
tast(‘, readily soluble in vvat(?r. (ducose is contained in large cpiantities 
ill gra])e juice, in many fruits, as w^ell as in the blood of animals and 
man. The work of the muscles depends mainly on the eneigy released 
due to the oxidation of glucos(‘. 

(ducose is an aldehyde-alcohol. The following structure is attributed 
to its molecides: 

() 

(dL.()H ( HOH (dlOH - (^HOH (TiOH - (V. 

H 

Ho^^'(‘veI^ the |)ro|)erties of aldehyde-alcohols sliow that it would 
])robably be more correct to represent their molecules as cyclic com¬ 
pounds; for instance^, the structural formula of glucose would be 

(HOH (HOH (HOH (^HOH (^H (‘H.OH 

O 


(ducose is used to finish fabrics, in the manufacture of mirrors 
and as a medicine. 

Ordinary hvd sugar (V2^^22^bi dixsaccharide. It is contained 

in sugar beet (up to 15 per cent), in .sugar cane, in birch and maple 
sap and in some fruit juices. 

If heated in acid .solution disaccharides hydrolyze into mono¬ 
saccharides : 

^V2H22<>11 + H,() -2(’,Hio(), 

The polysaccharides form the third class of carbohydrates. The.sc 
compounds differ in many r(‘s])ects from mono- and disaccharidcs: 
they have no .sweet taste and most of them are insoluble in water. 
The molecules of polysaccharides are built uj) of numerous — ( eHio^ls 
grou])s, so that their conpiosition is ex])ressed by the generic for¬ 
mula (( fiH n,() 5 ).v. Polysaccharides hiclude such substances as starch 
and cellulose. 

Starch (( bHio() 5 )a forms as a result of ])hotosynthesis in planl 
leaves. It is also (ie})osited “as a reserve ’ in tubers, roots and grains. 
In the digestive tract of man and animals starch is hydrolyzed and 
converted into glucose, wliich is assimilated by the organism. 

In industry starch is converted into ghicose by boiling for several 
hours with dilute sul])huric acid (Kirchhoff process, p. 551). The 
sulphuric acid is removed from the resulting solution by adding 
chalk, which forms insoluble (ViS ()4 ^'dth the sulphuric acid. The 
])recipitate is filtered off and the solution evaporated. I’he result 
is a thick sweet mass know^n as starch molasses, which, besides glucose. 
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contains considerable quantities of other starch hydrolysis products. 
Molasses is used for the prc])aration of confectionary goods and for 
various teclinical piir})Oses. 

If pure glucose is required, the starch is boiled for a longer time 
to convert it more comi)letely into glucose. The solution obtained after 
neutralization and filtration is condensed until glucose crystals begin 
to se])arate out. 

if dry starch is heated to 200 or 2r)0'''C it partly decom])oses, yielding 
a mixture of jjolysaccharides of less complex com|)osition than starch. 
This mixture is called dvjclrin and is used for finishing fabrics and 
for the ])rej)aration of })astes. The (onversion of starch into dextrin 
accounts for the formation of the shiny crust on baked bread, as 
well as tlie lustre of starched linen. 

Cdlulost^ (t'eHujOrJ.v is the chief constituent of the shells of ])lant 
cells. In some ty])es of cellulose the value of .r is about 1,500. The 
])ui‘est cellulose found in nature is cotton fibre, which contains S5 to 
00 ])(‘r cent cellulose*. The wood of coniferous trees cojitains about 
50 ])er cent cellulose. 

The importance of cellulose is very great. Suffic^e it to mention 
the immense* quantity of cotton fibre used to inanufiictiire cotton 
fabrics. Cellulose is made into pa])er and cardboard, and. by chemical 
treatment, into a large number of diverse ])roducts. such as artificial 
libi'C, ])lastics, varnishes, smokeless gunpowder, ethyl alcohol (see 
p. 450). etc. 

Ill indnslrv (‘(dluloso is prodiici'd from vvo<»(l l)v \ arious inellioils. "Pht* nmst 
coiriiiKHi incIhiKl consists in. trenting ihi? wood inilp at higli tcinp:‘i‘Htnri' and 
])rcHsnn* witli a solution of calcinni acid sulphite (.\i(HS().j)._,. The v\»M)d is de¬ 
composed. the lignin i*ontain('d in it passing into solution, while iht* c«‘Ilulosc 
remains unc]ia!igc<l. TIk'h llu* ctdlulosc is scparatc<l from tla* solution, wasluMi 
with wiitc'r, dried and further treated, (/ellulose obtaiiiiMl ])\ this miUliod is 
often calli'd sidpli/ff/ rvlhdosr, 

(Vllulose is insoluble in water, ether and alcohol; it is very stable 
to the action of dilute acids, alkalis and weak oxidants. 

When treated for a short time with concentrated sulphuric acid 
cellulose partly hydrolyzes. tui*ning into what is known as awi/louL 
a substan(*e close in ])roj)erties to starch. Tf unsized pa]ie‘r is di])])ed 
into (fomrentrated sulpiliuric acid for a short time and then immediately 
washed, the amyloid formed cements the ])a])er fibres together, 
making the ])aper denser and stronger. This is how parchment paper 
is made. 

Of great industrial inqiortance is the production of artificial fibre* 
by the chemical treatment of cellulose. 


* Artificidl fibre is fihn* producf^d by th(* chcrnicral treatment of natural fibres 
(mainly cellulose), while fn/nf/ietfr fibre is the name given to fibre prcjiarcd from 
specially .synthcsizi.'d cia'inical mat(*rial.s. 
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Thn^o methods are used for the manufacture of artificial fibre from (*('lliilos(\ 
namely, the viscose, a(?etate and (topper-ammonia methods. 

obtain fibre by the viscfhse method the cellulose is treated with sodium 
hydroxide, and then with earl>on bisulphidi?. 1’h<‘ rrsiili in^ orntt^c mass, know n 
as x(intho(jetiatc^ is dissolved in a dilute solution of sodium hydroxide to fitrin 
rii^cose. The latter is forced through sp(‘cial ca])s with minute ajM'rtiiO's, called 
dies, into a iirectipitalion bath (‘onsisting of an arjueous solution of siilphurii* 
acid. Under th(i acttion of the sulphuri(t acid the* vi.scose d(Htom])os('s, splitting 
off sodium hydroxide and carbon bisul])hide and forming t lireads of a somewhat 
modified (rellulose, known as cellulose hifdrote. These threads ar(‘ \'iscos<‘ or 
rayon fibiws. 

'I'he viscos(‘ truMhod is the most wid<*s]>r(‘ad nudhod for the manufactun* of 
artificial fibres. It will suffice' to mcuition that in 1954, 7S.4 per cent of all the 
artificial and syntht'tic fibn' prodiKHul in the (.*a})italist coujilries was o})laine<l 
by this method. 

In tlie acetate method an acetoia* solution of acct \ I ct‘llulos<‘ is forci'd through 
di(‘s into a (Mirrent of warm air. 'Phe acetone ('vaporates, and the* jt'ts of solution 
changes into fine thivads of a(‘(‘tat(‘ fibre. In ]9")4 the shan' of ac(‘tate fil)re in 
the total outjnU of artificial and synth(*ti(r fibre's in the caj)italist countrii'S was 
lO.fi })(;r c(*nt. 

Th(* k'ast common metliod is the cop/>cr-autmou ia method, whi(*h makes »ise 
v)f a characteri.stic propc'rty of c('Ilulose, namely, its ability to dissolve in ati 
ammonia solution of cupric oxide' |Cu(N^^bj)il (OH )^. The (‘('llulose is |)r('cij)itated 
from this solution as cellulose hydrate by trc'ating it with acids. Thc^ fibrous 
thiH'ads arc' obtained by forcing the' coppt'r-ammonia solution through dies into 
a ]U*('cipitation bath. 

(V'lhilost' contains hydroxyl groti])s in its molt'cules, and tlu'ndore forms 
eth('rs and esters. 4’h<' (‘st<'rs of cellulose' and nitric acid (nitro-(*(‘llulose) are usc'd 
for the jnanufiK'turc' of smokc'less gunj)owder, c(‘lluloid, various kinds of films 
(for photogra])hy and cinc'tna) nitro-\arni.shc's, (‘tc. 

The acetate t'stcrs ofcellulo.se (celhdost' acetal(^s) an* uscmI to manufacture 
non-infianiTnable ])hotograi)hic and ciiu'ina films, various transpan'iit [>laslics 
and vartiishes. 

Under tin* prolonged action of mineral acids celhilos(' passes into hydrocellu- 
lose, a mixture of unchanged <*elhilos(* and the* la'oducts of its decomposition 
and hydrolysis. Mon* \ igorous action of acids causes hydrolysis of the* hydn)- 
(•('llulo.se, re.sulting finallv in glucose. 

MS), Alllines, Aininoaeids and Proieiiis. In molecular structure 
amines are derivatives of ammonia. They may be regarded as iiroducts 
of the displacement of one, two, or all three hydrogen atoms in am- 
monia by hydrocarbon radicals. 

For tlie sake of com|)arison the formulas of ammonia and some 
amines are given below: 


H 

H 

H 

CH3 

: N H 

:N —(’H., 

:N -CHj 

:X (^H 

H 

H 

CH.3 

CH;, 

ammonia 

methyl amine 

cliiiietliyl amine 

trimethyl amir)? 


The resemblance in structure accounts for the resemblance in 
properties. Like ammonia, amines are capable of combining with 
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protons, abstracting tliein from other molecules, for instance, from 
\vat(‘r or acid molecules; 


H 


H () H i .NCH., 


H 


H N CH;, 


H L 

tiK-t li\ 111 tint loili lieu li\ (iro.vidi 


OH 


H 

('1 - H ; :N - {’H., 
H 


H - X - ('ll., ('I 


11 


iiuM }i \ lain)ni.Muiiiu rliluriiir 


One of the most important amines, aniline has Ix'eii 

mentioiu'd above (p. 447). 

Of great imporlanee in Jiatural ])roeesses are the r///////onr/VAv, lh(‘ 
Tiioleeules of which contain aminogroiips -XH., and caibowJ gronjis 

— (OOH. 

An example of tlie sim|)lest aminoacid is rnninoacefir nrlfl XtL - 

- OHo (‘OOH. The structure of other natural aminoacids may be 
rt^j>rt*scnted by the formula 

NIL- (;H~('00H 

II 


where K is a hydiocarbon I’adical. 

Amimiacids form as a result of the hydrolysis of j»roteins. (\\- 
ceedingly complex organic* com])ounds without which life* is im- 
])ossi[)le. 

The com|)ositu)n of j)roteins includes carbon, hydrogen, oxygen, 
nitrogen and frecpiently other elements as well, such as sulphur, 
ph()S|)horns, iron. Tlie molecular Aveiglits of proteins are \'ery high, 
from 15.(MM) to several million. Proteins are contained in all tlie tissues 
of organisms, in the blood and in bones. All err/yrnes are com])lex 
jiroteins. Skin, hail*, wool, feathers, horns, hoofs, claws all consist 
of proteins. 

The problem of the structure and synthesis of ])roteins is not quite 
solved as yet. \\*ry important investigations have been carried out 
in this fi6*ld in the U.S.S.H. by Zelinsky and his jiupils. 
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It has l)oeii (\stablishe(l at present that protein molecules consist 
of a lai'ge number of radicals of 25 to 3t) different aminoacids. which 
in many |)roteiiis are linked as follows: 

(V NH yVH A\ ,NH (^H 

. : NH " NH 

0 R 0 W 

n () R O 

Such is the structure, for instance, of silk |)i()t(‘ins. 

The data obtained have made it possible to synthesize new sub¬ 
stances with links of tlie same kind as in jn-oteins between the indi¬ 
vidual structural units of their molecules. 

It was thus that the synthetic |K)lyamine libres caprov and nfflon 
uere (»btain(‘d. These tibix's are sujierior to natural silk in certain 
prop(‘rti(\s. 

('apran is a polyeond(‘nsat(* of aminocaj)rouie acid 

XU, - -(^H, (di.> (‘H, (df, (H, (H)()ii 

Part of the molecule of this substance* is repicsented below: 

NH ((11,), (’() - XH ((11,), - ( () 

Sjfhm. or (oiidr, is of)tained by the condensation of dibasic adipic 
acid HOOP (PH .,)4 (‘OOH and hexauHlhvlenediamint* XHo - 
.((^H.,),-- NH,. 

11ie structure of the nylon molecule can be re])resented as lollows: 
I - (1) ((11 ,)4 CO N H - ((’H,), NH - |. 

The brief information on organic compounds given in this section 
lefleets but a small fraction of the great achievements made by 
synthetic oiganie; chemistry in the course of its development on the 
basis of Butlerov's theory of chemical structure. 


SlliI(M)N (Siliniiiii); at. wt. 2S,0{I 

Sili(H)n is situated in the fourth group of the Periodic; 1\ible directly 
below carbon, and is a com])lete analogue of the latter. Like carbon, 
silicon can both yield and acce])t electrons; but its ca])acity for gaining 
electrons, and therefore its non-inetallic pro])erties, are somewhat 
less jironounced than those of carbon. The most typical comyiounds 
of silicon are those in which it is })ositively tetravalent. 

180. Silicon in Naiiiro. Preparation and Properties olf Silicon. Silicon 
is one of the most abundant elements in nature. It constitutes 2b per 
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cent of the part of the earth's crust accessible to investigation and 
occupies the second place among the elements in abundance. 

Silicon occurs in nature only in the form of compounds: as th(^ 
oxide Si 02 , called mlic()7i dioxide or silica, and in the form of silicic 
acid salts. 

Just as carbon, a constituent of all organic substances, is the most 
important element in the animal and vegetable kingdoms, so sili(;on 
is the ])rincipal element in the kingdom of minerals and rocks forming 
the earth’s crust and consisting almost entirely of silicon compounds. 
Ik‘sides the earth's crust, silicon compounds are found in the stems 
of (?(Ttain ])lants (such as horsetails, cereals, etc.), in the shells of 
many infusorians and lower seaweeds, in the b()di(\s of s])onges. in 
birds' feathers and in the fur of animals. 

Free silicon can be [)repared both in the amorphous and in the 
ciTstalline form. 

Amorphous silicon is ])repared by strongly heating magnesium with 
tine white sand of a chemical composition corresj)onding to almost 
pure silicon dioxide: 

SiOg i - Mg -- 2 MgO + Si 

It has the appearance of a brown jiowder and a s])ecitic gravity 
of approximately 2.35. Amorphous silicon dissolves in molten metals. 
When cooled slowly, a solution of silicon in zinc or in aluminium 
will deposit well-formed octahedral crystals of sili(*.on having a sj)ecitic 
gravity of 2.4, 

Crystalline silicoii has a steely nudallic lustre and conducts electric 
current perceptibly. Its boiling ])()int is about I,415''C. 

Silicon is used mainly in various alloys. Iron containing 4 })er cent 
silicon has a high magnetic permeability and is employed for the 
manufacture of ele(?tric transformers. Iron alloys rich in silicon are 
excellent acid-resistant materials. Of great im])ortance are alloys of 
silicon with aluminium and copper. Silicon is used also for the reduction 
of some of the metals from their oxides. 

Lately silicon, alongside of germanium (see § 233), has found wide 
a])plication in radio and electrical engineering for the manufacture 
of semi-conductor apparatuses. 

Silicon is obtained commercially by leducing silicon dioxide SiOg 
with coal in electric furna(!es: 

Si()2 + 2 C = Si - ! 2 CO 

Silicon produced by this process always contains a certain amount 
of impurities. Much purer silicon can be obtained by reducing silicon 
dioxide with aluminium or by reducing silicon tetrachloride SiGl 4 with 
zinc. Very pure silicon is f)r()(luccd by decomposing silicon tetrachloride 
on a red-hot tantalum band. 
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In chemical |)roperties silicon (especially the crystalline modi¬ 
fication) is rather inactive; at ordinary temperatures it will combine 
directly only with finorine. If heated. amor])hous silicon combines 
readily with oxygen, the halogens, sulphur and many metals. 

Acids, with the excej)tion of lU'drofliioric, do not attack silicon, 
but the alkalis react with it vigorously, liberating hydrogen and 
forming salts of silicic acid: 

Si + 2 KOH ! HoO - KgSiO, I 2 

As sili(;on will displace hydrogen even from water in the piesence 
of traces of alkali (which evidently acts as a catalyst), this reaction 
may be rej)iesented as ])roceeding in two steps; 

(» JV 

Si + 3 HoO - HoSiO:, + 2 H . 

H^SiOa f 2 KOH - K,Si()., f 2 H./) 

Adding up these ecpiations we get the summary equation of the 
reaction as wi'itten above. 

If a mixture of sand and coke in definite pro])ortions is luxated 
in an electric furnace, the result is silicon carbide SiC*. commonly 
known as carborandmn ; 

SiO^j i Si(^i 2(X) 

Pure carborundum is a colourless crystalline substance (specific 
gravity 3.2) close to diamond in hardness. The technical ])roduct is 
usually dark grey, due to impurities. 

The iiitei'iial structnn* of carboruiulum is that of a tliaiiioiid in which half 
the carbon atoms have been unifi»rmly n^placcd by silicon atoms. I^acli (^arl.K>n 
atom is in th(^ c(‘ntrc of a tctraluxlron willi silicon atoms at its corners; in 
its turn, (‘ach silicon atom is surroun<h‘(l in a similar manner by four carlxni 
fUoms. 'fhe co\a.lent boials linking all the atoms in tliis structui-c arc >cry 
strong, like in a diamond. 'J’hat is why curborimdum is .so lianl. 

Carborundum is })reparcd nowadays in large quantities. It is used 
to make grinding wheels and Avhetstones. and as a refi*actory 
material. 

At a high temperature silicon unites wdth many metals forming 
silieides. For instance, if SiOg is heated w ith an excess of metallic 
magnesium, the reduced silicon unites with the magnesium to form 
magnesium silicide MgaSi; 

4 Mg 4 SiOg -- MgoSi ! 2 MgO 
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isl. ('oiiipoiiiids ot‘ Siliroii wiUi lly(lro|[i:(^ii and tlio llalo^<^iis. If 

inagiK'siuiii .silicido treattMl with hydrovhloi'iv acid the rosidt 

is silicon hydride SiH.j, an analogue of methane: 

Mg,Si f 4 H(1 - 2 Alg(‘L I SiH , 

SiJIroH Itijdriih SiH j is a colourless gas igniting s|)ontan(‘onsly in 
tlu‘ air and hnrning to form silicon dioxide and water: 

SiHj = 2 ()., SiO,. ‘ 2 II,() 

Besides SiH^, several more silicon liy(h‘id(*s. Si,11,.. Si.jH„. (‘tc., 
ai*c knoAvn. nndei- the generic name of silanes. Silan(\s art' analogous 
to hydiocaihons. hiit are mnch less stal)l(\ A])|)a!*<Midy. the bond 
between the silicon atoms is mnch weaker than that l)etw(a‘n ('arbon 
atoms, so that Si Si Si etc., chains ar(‘ (‘asily bioken up. 
The liond ])el\\e(Mi sili(‘on and hvalrogen is also mlstabl(^ shouing 
that th(‘ non-metallic propta'tic^s of silicon ar(‘ mnch w(‘aki‘r than those 
of carbon. 

Sillrotf hfrf(rJtl()rl(/( Sit 1 j is pr(‘j»ared by la'ating a mixtur(‘ of‘ 
silica and coal in a str(*am of chlorine: 

SiO, ^ 2 (' i 2 OI, - SiOfi ; 2 CO 

It is a li(juid. boiling at oT C. In water SiCl.i undergoes compl(‘t(‘ 
hydrolysis, forming silici(‘ and h.ydrochloric aci<ls: 

SKT, : H,0 - - ILSiO.., 4 HCI 

Wh(Mi ('va])orated in moist air, SiCl 4 produces a thick smoke ac(u)i’d- 
ing to th(‘ abo\ e reaction. This pro])ert v accounts for the use of silic(m 
tetrachloride for smok(‘ screens. 

Silicon IcfrajlNoriflf SiK^ is produced by the aedion of hydrogen 
fluoride on silica: 

SiO, ! 4 H F SiF^ 4- :> If/) 

It is a colourless gas with a ])nngcnt odoin*. When (jooled strongly 
it ])asses directly from the gaseous state into tlu^ solid. 

If silicon tetrahuoride is |)assed into water a solut ion of fluosilicic 
acid H,SiF,. results: 

3 SiF^ 3 H,0 2 H^SiEg f [ HoSiO., 

If the concentrated solution is cooled, (jrystals of the composition 
HgSiF^j-2 H,() se])aratc out. 




182. SILICON DIOXIDK OK SILK’A 


4G.3 


Fluo&Uicic arid HgSiF,. is a strong acid. Its degree of ioiiizalion 
ill 0.1 N. solution is 75 jier ee:nt. Kven at very low concentrations 
it is a powerful disinfectant. I’he salts of fiuosilicic; acid, known 
as iliiosnieaies, are mostly soluble in watca*. Sodium and barium 
lluosilieates are widely used to kill agricultural jiests. Sodium Huo- 
silieate is used also for the jireparatinn of various enamels. Mag¬ 
nesium and zinc lluosilieates are enpiloycMl to make etunent watiM- 
I >r( )of. 

|S2. Silicon Dioxide or Silica SiO.^. 

"fhe most eharaeterist-ic and stable 
eom])ound of silicon is silicon dioxidiL 
usually known as silica. It is found both 
in the c!*ystallin(‘ and in the amoi- 
phous form. 

('vflsIalUm .slllva occurs in nature 
mainl\' as the mimaal (fanviz. Trans- 
parent I'olourU'ss crystals oi‘ (puirtz 
lia\ ing the Idi in of hexagonal prisms 
with hexagonal pyramids on theireiKls 
are calh'd rorJe rrffstal (Fig. 115). Dock 
crystal coloured \'iolet by impurities, 
is calh^l anaihifsl, wlu'ivas il‘ it is 
brownish, it is known as snath/ fo/taz. 

Hut mor(‘ IVecpiently ({uaitz is found in 
the form of a compact semi-transparent 
mass. (‘()lourl(‘ss or of various colours. ()n(‘ of the \ arieti(‘s of (juartz 
is called /Hid. Agate and jasper are very lini'ly crystalliiK^ vai’iidies 
of quai’tz. (Quartz also forms |)art of many com|)le.v rocks. su(*h as 
granitt'. giuass. (‘t(^ 

Oi'dinary sand consists of tiny gra of ijuartz. Pure sand is white 
in colour, but moie often it 
(ompounds. 

(‘rystalline silica is viay hard, insoluble in wat(‘r and mi'ltsonly in the 
flame of d(»tonat ing gas or in an electric furnata\ t urning into a colour¬ 
less liquid. When this liquid cools, it solidihes into a tians])arent 
vitreous mass of amorphous silica, (piite similai* in ajipearanee to 
ordinary glass. 

A Tnorphons silica is much less abundant in nature than t he erystalliiH' 
modilication. The test ae of some of tlu'Jower seaweeds ai'col amor) )hous 
silica. Accumulations of such testae form ratlna* large de])osits in 
some places and are known as tripoli (diatomite) or infusoi*ian earth. 
Silicon can be prepared artificially as a white amorphous mobiU' 
powder by strongly heating silicic acid. 

'The j)roTK)iin(M‘(l diftcrenoc Indween the ])hysi(*al j)roperlies of and 

earboTi dioxide is due to tli(‘ faet t hat the latter consists of se|)arate (/Oo moh'cule.s. 
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wliile the former is a polymer (8iO^).v. The struet lire of t his polymer, for iiistiinet', 
the structure of quartz, can be represented as follows: 
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Kach silicon atom is in thi‘ ct'iitre of a ti'traluMlron with oxy^jen atoms at 
its corners; eacli of the o\yjj(*n atoms is in its turn connected with two atoms 
of silicon, 'fo di'strov a (juartz crystal a lar^t‘ numlKa* of strong bonds between 
silicon and oxygen must be ruptured, which acc<umts for the great hardness 
of t|uart/. 

Silica is not attacked by acids. excc])t hydrofluoric acid. Tho latter, 
as has been inentioned above, reacts readily with it, forming SiFj 
and A\’atcr 

Si()., -i 4HF :-- SiF,+ 2 H.,() 

No other acid will act like this on the oxide of a tyi>ical iioii-metal. 

1S3. Silicic Acids and Their Sails. Silicon dioxide is an acid oxide, 
corresponding to orlhcmlicic acid H 48 i() 4 . 1 'his acid condenses very 
readily, forninig high molecular //n/rM/Z/ne acid (H 2 ^d).j)v. Tn simplified 
form the formula of nietasilicic acid is written as Il^SiOs- The salts 
of silicic acid are called silicates. 

rotassium and sodium silicates are ])r(‘pared by fusing silica with 
the alkalis or carbonates of potassium and sodium, as: 

SiO. i 2 NaOH - - Xa^SiO^^ ! HoO 
SiO. - KaSiO-j -f CO. 

The fusions formed are Adtreous masses and, contraiy to all the 
otliei* silicates, are soluble in \\ ater. That is why potassium and sodium 
sibilates are known as soluhlc (jkiss, 

'The above formulas of pfjtassium and sodium silieat(*s arc* simplifitMl. Actually 
lhcs(‘ silicates arc of a variable composition, (‘X{)rcssed by the generic formula 
H jjtb//Si( ).„ wliere H stands for yiotassium or sodium. 

Aqueous solutions of soluble glass are called water glam and are 
used for the jircparation of acidproof cement and concrete (see 
§ 186), for keroseneproof jilasters on concrete, for im])regnating 
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fabrics, for preparing fireproof wood paints, for chemical consolidation 
of weak soils. 

The reaction between a solution of NagSiOg or KgSiOs and hydro¬ 
chloric or sulphuric acid results in free metasilicic acid, which, de¬ 
pending on the concentration of the initial solutions, either falls out of 
solution, as a jelly-like precipitate (in some cases the entire liquid turns 
into a jelly) or remains in solution in the colloidal state (see § 188). 

The reaction of formation of silicic acid may be expressed by the 
following equation: 


Na^SiO, f 2 HVl - H2Si(), + 2 Xa(;i 

The jelly-like })recipitate of silicic? acid falling out of the solution 
contains an imnu?nse amount of water Mdiich can be removed hy 
luxating. However, no definite acid of a composition expressible by 
a formula is obtained: the preci])itate gradually loses Avater until 
it is finally converted, when calcined, into pure anhydrous silicon di¬ 
oxide. 11 is assunuMl that silicon dioxide forms many silicicacids, differing, 
like the ])hosphoric acids, in water content. The fact that they exist 
is borne out by the great number of salts corresponding to the following 
acids: H 2 Si 03 (Si ()2 + H./)), H 4 Si 04 (Si ()2 t 2 HgO). H 4 Si 3 ()H (3 SiO^ + 
-f 2 Hjjf)). etc. 

The composition of the silicic acids may be ex})ressed l)y the generic 
formula: //?Si() 2 where rn and v are whole numbers. Acids 
in which w>l are known as polysilicie acids. 

Tj) to the ])reseiit date the existence of three acids has been estab¬ 
lished beyond doubt, namely, orthosUicic H 48104 , rnetamlicic HgSiO.,, 
()!• rather (H^SiO;,)^. and In7m4(fsilicic (H 2 Si 205 ).v. When silicic acid 
is formed in any reaction, its com])ositioii is usually ex])ressed by 
the sim|)lified formula of metasilicic acid 112810 ^. 

If the greater ])art of the w ater is rcunoved from a jelly-like precipi¬ 
tate of silicic acid (without, however. compUdely dehydrating it), 
a. solid wiiite, slightly translucent mass results, having numerous 
very tiny pores and possessing an immense adsorpti\'e ca})acitv. 
This product is known as silica <j(l. It is prepaied in great quantities 
in industry and is Avidely used for absorlung various va])ours and 
gases, for purifying mineral oils, as a catalyst in many leactions, 
etc. Silica gel is used also as a base for catalysts in the ])roduction 
of sidphuric acid by the contact jnethod. 

Silicic acid is a very weak acid and therefore NagSiO;, and KgSiOg 
are gi’eatly hydrolyzed in solution and react alkaline. 

The salts of silicic acid, silicates, are very abundant in nature. 
As has already been said, the earth's crust consists mainly of silica 
and different kinds of silicates. The natural silicates include feldspars, 
micas, clays, asbestos, talc and many other minerals. Silicates are 
composite parts of a large number of rocks, such as granite, gneiss, 
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basalt, various schists, etc. Many precious stones, such as emerald, 
topaz, acjuainarine, are well-formed crystals of natural silicates. 

The (K)m|>osition of natural silicates is, in the majority of cases, 
(wpressed by rather complex formulas. Owing to the com|)l('\ity ot 
these for?nuias, and to the fact that the existence of the corresponding 
polysilicic^ acids has not been ])roved, they ar(> conventionally written 
somewhat differently than the formulas of ordinary salts. 

Any salt of an oxyacid may be regarded as a eom|)ound of an 
acid and a basic oxide (or even two basic oxidivs, if it is a double 
salt). For instance, CViOO^ may be regarded as a com])oimd of OaO 
and COo. Al 2 (S 04 );^, as a compound of AL/)^ and .‘5 SOj^, etc. On these 
grounds the com])osition of sili(*ates is usually ex])ressed by writing 
the formulas of silicon dioxide and all the oxides forming the silicat(‘ 
sc|)arately, without combining tlunn into a single^ salt formula. 

The formulas of some of the natural silicates ai(' given below; 

Kaolin Ab >03 L»SiO,>-2 H/). or H 4 AKSi, 05 , 

While mica KoO • II Al.^O.j • 6 SiO.^ * 2 fLO, or H4KoAlj.Si(.02i 
Asbestos ('aO • II MgO ► 4 SiOo. or (’aMg.jSi ,,Op 2 

The most Avidely dispersed silicates in nature are the so-call(‘d 
(ihancmliraic-^, i.e,, those containing aluminium. The most important 
ol‘ them are the feldspars, 

Hesid(‘s silicon and aluminium oxides, feldspars contain also oxid(*s 
of potassium, sodium or calcium. Ordinary fcldsi)ar, orlhoclasv, con 
tains ])otassium oxide; its com]K)sition is expressed by the formula 
KJl AloOjj hSiOo. The most common colour of feldspars is white 
oi‘ red. They are found both as com])act de])osits and as comi)osit(^ 
]>aT*ts of com|)lex rocks. 

Alumosilicates include also the (juite commonly known minerals 
called micas, distingtiished by their ability to split into thin th^xible 
hakes or sheets. The composition of micas are very complex; besidc's 
silicon and aluminiTim. they contain hydrogen, [mtassium or sodium: 
some micas contain also calcium, magnesium ami iron. Ordinary wliitt' 
mica.winch, due to its refractory l)ro])erties, is frequently used in the 
form of large trans])areiit sheets to cover a])ertures in various furnaces, 
is a silicate of ])otassium and aluminium. Micas high in iron and magne- 
sinm are black in colour. Micas do not occur very often in se])arate 
de])osits, but are composite parts of very many complex rocks. Some 
of the most abundant com])lex rocks, r/mn/tc.s* and gneisses, consist of 
minute crystals of (piartz, fcldsf)ar and mica. 

On (jorning into contact w4tl) the atmos])h(^re and being subjected to 
the mechanical and chemical action of Avater and air, minerals and 
rocks on the earth’s surface are gradually altered and broken down. 
Such destruction caused by the combined action of Avater and air 
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is called erosion. Of s])ecial importance is the erosion of feldspars, 
for instance, orthoelase. Water containing carbon dioxide erodes 
orthoclase by leaching out K^O, the latter combining with (X),» to 
lorm ])otash J\j,0().j: part ot the SiOo is also leached out, and the 
remainder combines with water, forming a new silicate. Iriolin. which 
is a com])osite jiart of various rlat/s. 

The decomj)osition of orthoclase may be (expressed by the following 
e(|uation: 

K/). Ah/).,- 6 SiO, ) CO, i 7 /H,0 - 
K./ 4 4 SiO.- mH./) | 2 SiO, • 2 H,() 

Micas decomjiose similarly to feldspars, but more slowly. 

'File ])rocess of erosion of feldspars and otluT alumosilicates into 
kaolin is called kaoUnizaiion. As feldspars are \'(‘ry abundant, immense 
(piantities of clay are formed in nature asaresult of their decomfK)siti()n. 

Pure kaolin Avith minor im])urities of cpiartz sand is found coni])ara- 
tively rarely. It is Avhite in colour and is valued as a material for the 
pre|)aration of iiorcelain. There are rieh de})osits of kaolin in many 
])arts of the Soviet I'liion, especially in the South. The ])est kaolin 
comes from the dc])osit-s of the ({lukhov J)istrict, ITkrainian S.S.K. 
Ordinary clay is a mixture of kaolin and other substances, which 
account for its yellowish-brown or bluish colour. Some types of clays, 
intensely coloured by iron oxides, are us(‘d as mineral ])aints (ochre, 
etc.). 

Sili(!on compounds play an im])ortant part in the national economy. 
Silica ami the natural silicates serve as raw materials for the manu¬ 
facture of glass, ceramics, porcelain, majolica, building and binding 
juatcM’ials. All these industri(\s constitute a large branch of the national 
economy, kmnvn as th(‘ silicate industnj. 

IS1. fdass. If mixtures of many silicates (with each other or with 
silica) are heated, they form trans])arent amorphous fusions, called 
glasses. 

The chief pro])erty of any glass, whicdi is of great importance for the 
manufacture of glassware, is that the molten glass does not solidify 
immediately upon cooling, but thickens gradually, becoming viscous 
and finally changing into a solid, homogeneous, transparent mass. 

Many other properties of glass depend largely on its composition. 
By changing not only the.com])osite parts of glass, but their relative 
])ro})ortions as well, glasses of a wide range ot firojjerties can be 
obtained. 

Ordinary ivindoiv glass, as well as the glass in most of the glassware 
used for domestic purposes (bottles, tumblers, etc.), consists mainly 
of sodium and potassium silicates, fused with silica. The comy)osition 
of such glass is expressed approximately by the formula NagO CaO* 

• OSiOg. The raw materials for its manutacture are, however, not the 
silicates themselves, but white sand, soda and lime or chalk. A mixture 
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of these substances is fused in regenerative furnaces heated usually by 
producer gas. When they are melted, the following reactions ensue: 

CaCOa I- SiOa - CaSiOa f CO. 

Na.COa H SiO. - Na^SiOa I CO., 

Sodium sulphate and coal are often used instead of soda. The coal 
reduces the Na.,S 04 to Na.,S 03 , which reacts with the sand, forming 
Na^SiOai 

2 Xa,S04 I 2 SiO. + C - 2 Xa.SiOa ! 2 SO. + CO. 

Cdassware is manufactured by blowing, casting, ])ressing and draw¬ 
ing. Not so very long ago glassware used to he blown only by lung 
f)Ower, and its manufacture was a very laborious job. Today the glass 
industry is considerably mecharuzed. There are machines which manu¬ 
facture the simplest glass articles (such as bottles) mechanically, and 
other machines for the direct production of sheet glass by drawing 
an endless glass sheet from the viscous vitreous mass. 

]r])()t as}i is employed instc'ad of soda iu glass-rtdVttotory glass rc'sults. 
The lattt'P Is used for manufacturing sjkhmhI kinds of (‘luMuical glasswart* (•apaf>lc 
of withstanding inon‘ int.<‘ns(‘ heating than ordinary gla»sswar(‘. 

If silica is fused with potash and plumbic oxidi*, a bright h(‘a\ \ glass is ob- 
tainf?d, known as cri./.stal {fldss and containing ])otassiuTn and lead silicates. Sucli 
glass possesses high ndnuitivti propcriic's and a(*(jui?'('S a bright lustrt* when 
ground; it is h.scmI to make o]it ical glas.scs and dccorativ(‘ dish(‘s. 

Substitution of the particles of sili{ai In’ boron oxide (sec § 22S) greatly 

infhi('n(*<‘s tlie prof)erties r)f glass. 'Flie addition of boron oxide inerea.ses tiu' 
hardness of thci glass, iriaUcs it more rc'sistant to chemicals and le.ss s(*nsili\e 
to abru})t changes of temper;itnre, 'I’his glass is used to prc'pare high-cpiality 
cho mi ea 1 g I ass wa rt ?. 

The sand used in maiiufacturiiig ordinary glass often contains iron 
comjxmnds as impurities, which impart a greenish tint to the glass. 
To prevent the formation of this tint, minute quantities of selenium 
are added to the fusion, this causing a pink colour. Pink and green are 
complementary colours and together give white. Manganese dioxide 
causes a similar effect. 

Sometimes various substances are added to the glass fusion pur¬ 
posely to obtain coloured glasses. Thus, for instance, chromic oxide 
gives glass a green colour; manganese dioxide, a HHldish- 
purple colour; cobaltous oxide, a blue colour, etc. Tii most cases the 
colour of the glass dc])(;nds on the formation of coloured silicat(\s 
(of iron, manganese, cobalt, etc.). But sometimes it is due to the fact 
that th(^ substance added is present in the glass in the form of very 
finely divided particles. Thus, if a very small (piantity of gold is added 
to glass, it acquires a ruby-red colour, due to the ])r(iseuce of minute 
particles of gold, invisible even under the microscope, whieli form when 
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the melted glass is cooled slowly. Ruby glasses transmit only red rays 
and are therefore used in photography wherever red illumination i.s 
re(|uii’ed. 

T\w manura(rt ur(‘ of* (foJoiired glass in llussia was foiimltHl bv M. Lomonosov 
who (](ivoJo])e(l and put into practice a method of producing colouri'd glass, 
heads, bugles, mosaic smalt and a number of other sid)stanc(‘s. 1’he famous 
mosaic j)ictnres by Lomonosov which liavc come down to us, an* mad(‘ up of 
thousands of tiny pii‘(r(\s of varic>uslv (coloured glass (smalt) pr(^|)are<l aci^ording 
to his recipes. For thi* rnanufact un* of (^oloure.<l glass Lomonosov built a small 
glass factory iH'ar IVtersburg in 17.5:L 1'his was the first ])lant in Lussia whi<‘h 
manufac^tured, b(jsid(\s the al:)ov<'i named articl(>s, also variously colouri'd glass- 
wan* and various minor fancy glass articles (cuff buttons, snufl-})oxes, cane 
h<-ads, etc.). Somewhat later colour(‘d glass and col(»un‘d crystal were manufac¬ 
tured aceording to Lomonosriv's reeip(‘s at the stat<'glass factor\- in l\-t(‘rsbjirg. 

Olass is usually considered insoluble in water. However, if ordinary 
sodium glass is subjected to the action of water for a long time, the 
latter e.xtracts part of the sodium silicate from it. If, for instance, 
powdered glass is shaken with water and then several drops of phenol- 
phthalein are added, the liquid turns defitiitely red. showing an alkaline 
reaction (dne to hydrolysis of the N^a.^SiC).,). 

Besides the above brands of glass, which are mostly fusions of various 
silicates and silica, anotlier very important type of glass is that manu¬ 
factured directly from quartz by melting in an electric furnace. 

Quartz glass has many advantages over ordinaiy glass. Since the 
melting point of quartz is around l.oOO'^C. quartz glass can be sub¬ 
jected to liigh temperatures without fear of its softening. Quartz glass 
transmits ultra-violet rays, which ordinary glass does not. A very val¬ 
uable quality of quartz glass is its exceedingly small coefficient of 
ex])ansioii. This means that heating or cooling liardly changes the 
volume of (piartz glass. That is why articles made of it can be heated 
strongly and then immersed quickly in cold water without shattering. 

Quartz glass is used for the niaiiiifaeture of laboratory apparatus 
(crucibles, evaporating dishes, llasks, etc.) and in the ehemicjal industry. 
In lighting engineering, (piartz glass is used for the mannfiicture of 
ele(.*trie inercnry lamps, which emit light liigh in ultra-violet rays. 
M(>reury lamps are employed in medicine, for scientific ])nrposes and 
esiiecially in filming motion jiictures. The disadvantages of (piartz 
glass, accounting for its rather limited use, are difficulty of working, 
brittleness and high cost. 

Ordinary glass does not transmit ultra-violet rays ow iiig to the iron 
oxides eontaiiuHl in it, es|iecially This siiortcoming of glass 

can be eliminated by using pure raw' materials for its manufacture. 
Olass prcjiared in this w'ay is called uviol glass. Jt transmits ultra¬ 
violet rays almost as well as quartz glass, lint is much cheaper and 
(^asier to w^ork. The content in this glass does not exceed 0.02 

to (LOS per cent. Uviol glass is used iii medieine for ultra-violet raying 
and in some cases for the manufacture of w'indow glass. 
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(Jlass inaiuiftictiire is one of the largest branches of the silicate 
industry. 

Molten glass can be drawn throiigli dies into fibres 2 to 10 // in 
dianieter. and is then known as /i/jrr (jl(w,s. Fibre glass is not brittle 
like ordinary glass and possesses high tensile strength. Fabi’ics made 
of this fibre are non-flamma))le, conduct neither heat nor electric 
current, are poor conductors of sound and chemically inactive. 

The valuable ])r()perties of materials made of fibre glass warrant 
their wide use in various hraiiches of technology, especially in elect rical 
engineering. Of great importance in this connection are the availability 
and chea])ness of the (*hief raw materials and the simple tec^hnology 
of ])rodviction of this ty])e of glass. 

Fibie glass mixed with various synthetic resins gives n(‘w types of 
])uiklirig mat(‘rials. known as f//r/,v,s* /ihrc lamin(fte,s. They are tliree or 
four times lighter than steel but are just as strong, whi(;h makes them 
eligible as substitutes both for metal and for wood in mechanical 
engineering, construction work, etc. (dass fibre laminates are widcdy 
used for the manufacture of automol)ile and aircraft parts. A striking 
illustration of the imjKulance of glass fibre laminates in modern 
engineering is th(^ fact that in the innirse of twelve years (from UK\H 
to 11)54) file output of these materials in the U.S.A. increased about 
sixtyfold. 


Ccruiiiirs. ('cnuriics include various wares inadi* of eUiy. 'the rvvantir 
stiff iiiajiuta<‘t urin^ |]jese uar<‘S (rnhraet's I Ik* production of' britrk, tiles, 
refra(*tori('s, cart heiiu'are j)()lt(‘r\ and pipi*s (ei'udc* e(‘rainles),as wt‘ll as tht* inaiiu- 
faelure ol ehinaware (fuK* e(‘rainl<‘s). All these iiulustrii's an* hast'd oix tht* al)ility 
of clay wlien mixed with water to fonn a ])utty wtiieh aftc*!* Iiakin^ turns intt> 
a hard ])orous mass that will not soft(*ii in water. To iTK*n'ase th(^ mechanical 
str(*n^lh of the ware's, various substances an* a<lded to llio cla;^', th(' most- 
important of which an* (juart/, and feldspar. 

Ceramic obj<*c1s are sliaped from th<' wei <*lay eitln'r meclianically or }>\ lianil 
on potter's wIk'cIs, iIk u drietl in th(* air or in s]>(*cial driers and baked in kilns. 
Duriji^ tta* last named optaation tlu^ water with whicli th(* clay was inixt'd and 
th(‘ \\at(‘r contained in tin* clay itsc'lf is driven off. As a n'sull, tin* clay becomes 
porous, shrinks a little and turns into aluminium silicate I? Al.^().,• 2 SiOo. 

Cruik' c('rami(j wan's such as bricks, drainage ])i{)t\s, tiles, flower ])ots, ('tc.. 
an* manufactured at brick factori(*s. 4’h('Se wan's ar(> made of knv (juality 
clays, liaked at comparatively low ternperalurc\s (not over 1,000 C), are f)orous 
and ca})abl(* of absorbing larg(' amounts of water. Ordinfirv pot tery is manu¬ 
factured iji the same way. To make the ])ot waterproof it is for which 

purj)ose common salt is thrown into the baking kiln; its va])ours react witli 
part of the silica in the war(*s. As a result of this process th(^ pots become' coaf<*d 
with a glass-like layer (»f fusible* silicaft*. 

Finer ceramic wares and inajoUca are inad<* of the purest iron-frcM' grades of' 
elay ami an* liaked at a higher tt*mperutur(*. Th(? gla/.(* is a|)j)li(Kl by coating 
the baked obj(‘cts, or /^/.sv/wc.s*, as they an^ called, with fusible mixtures, wliich 
jnay consist, of' varirais substanc<*s (feklspar, boric aci<l, stannic oxid(*, etc.), 
and then relaating th('m in a kiln. 

J^orniain warts an; sha])ed from p\ire elutriated kaolin mixed with an ap¬ 
proximately ('<jual ({uantity of quartz and f(*ldsi>ar. 'fhe o})j(!cts are baked at 
a big}] temjjeratun* (aliout 1,200C). After tlie first baking tlu' bi.sfpa^s are 
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iiniiR'rstHl in a griu'l of fiiioly ground frlds|)ar ainl walc'r, vvIu'IH' they bocoino 
coatod with a layor of i‘i*lds])ar, and an‘ lliou j)nt hack into the kiln. Tlie hisqucK 
arc baked at al)Oiil l,4(K) (l, wiicnMipon tlic feldspar in the* gla/.t* and in the 
bulk of th(' lastjiics melts and almost completely tills th(‘ir pon^s. 4’lic resulting 
chinawart^ is transluceni, and has a d('nse, lustrous gla/.('. 

l*ore(‘lain was inv('nt(*d in Cliina in ancitMil times, but thi^ sc'crel of its produc¬ 
tion r(‘mained unknown for a. long time*. Porcelain was first obtaine<l in Russia 
in t h<‘ X\'I11 ccMitury ]»y I). \ inogradov. 4'haidN.s to tlie ^x^rsisl ent, paiiistaking 
work of Vinogradov, who, togcth«‘r with Lonionoso\, carri('d uut a great numlMU* 
of ex|)<‘riments on tite ])re])aration of jK»rc<‘lain mixtures, tin* j)orcelain he 
])ro<luciMl was not iiderior to th(‘ (/hinesr*. 

1S(). Ccilirnl. OiK^ of the most im])ortMnt materials ])ro(liiee(l by the 
silieate iiidustry is eement, employerl in enormous (juantities in all 
kinds of eonstnietion work. 



Fiii. 1 H). Hotarv cement kihi 


(Vment is |)repared by roasting elay together witli lime\sloiK* until 
they eake. For this pur])()se the elay and limestone are lirst thoroughly 
mixed, dry or wet. and then strongly heated. When the eement mix¬ 
ture is roasted, the ealeium carbonate decomposes into carbon dioxide 
and ealeium oxide, whieli reacts with the clay, forming calcium sili¬ 
cates and ahiminates. In the latter, aluminium oxide ])lays the part 
of a weak acidic oxide. 

The cement mixture is roasted in special cylindrical rotary" kilns. 
A kiln of this kind (Fig. 1 lb) is a large tube made of thick sheet steeK 
40 to 150 m. long, and 2.5 to 3.5 m. in diameter, slightly inclined and 
lined on th(* inside with refractory materials. I'he cement mixture is 
added at the higher ejjd of the furnace and burning coal dust or atom¬ 
ized h(>av'y fuel oil is blown into the lower. Due to the incline and the 
slow rotation of the kiln, the mixture iiavels slowly towards the flame 
and the lower end of the furnace, from which it emerges in the form of 
tiny grains called cemviit clnikvr. The clinker is ground to a fine 
greyish-green powder and marketed under the name of ,silicate cernenl 
(otherwise calknl Portland cement). 
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The cement mixture is usually prepared artiticially from limestone 
and clay. But nature has ])rovi(fed lime-clay rocks called marln. which 
corres])ond exactly in com})osition to the cement mixture. Deposits 
of marls used for the production of cement are found, for instance, in 
the mountains surrounding Novorossiisk. 

"J’lit:* cht'iuical (*()inju)sition of oeinoiits is usually as j)or(M'nta^rs 

of the oxides th(*v (u)utain, the inosl im})orlant of thesis being C^aO, AkO.,, 
Si()._> and Fe^O;,. Tlu' wt'ight ratio between ealeium oxide and the other three 
oxides is callcMl the fi}/<hnnlir module of the cement and charat'terizes its t(Hdini(*aI 
})ro])(‘rti(‘s. Ry way of illustration, the average cont(‘nt of the (diief (composite 
|)arts in various gra<les of silicate cement is given below (in per cent): 

CaO.62 Fe4)3.2.5 

SiO.22 MgC) .2.5 

Al.Oa . 7.5 SO,.1.5 

it has recently been establishe(l that silicate cement has the h)llowing mineral- 
ogical eom|>ositioii: tricalcium silieatci 3Ca() SiO,. diealciurn silicate 2('a() SiO.j, 
triealeium aluininatc' .‘i CtiO Al.,!), and letracalcium alumoferrile i CaO Al.,().j- 
• Fe 

When mixed with water silicate cement forms a plastic mass which hardens 
after some tinu*. Its transition from the plastic to the solid state is ('ailed 
“s('tting." 

According to |)resent-day theories tin* cenx'Tit hardens in thr(H> st('ps. 'fhe 
first step consists in the int(‘raction b(*tw(H‘n the .surface layers of the cement 
parti<*les and tlu* water according to the e<|iiation 

:iCa()SiO, 1 aHX).2 CaO Sit I.. 2 H.O tCa(OH)., ! (// —3) H,0 

Flu* calciuiii hydroxide, contaimMl as a .saturated solution in the plastic 
cement, begins to separate out in the amorphous state aiid. surrounding the 
cement grains, binds thisn into a ('olK'nait mass. This is the sc'cond step, that 
of s('tting profXT. 'I’he third stc]) is crystallization «)r th(‘ initial hardc'iiing. 'I’he 
j)articles of calcium hydroxide increase in size, turning into long, netMlle-liki' 
crystals wliich groM’ int<.) tlie amory)hous nuuss of calcium sili(.*ate and make it 
more compact. This i.s accomj)ani(Hl by an inert'ase in the mc'chanical stn'ngth 
of the ci'iiient. 

When cement is used as a binding material it is usually mixed with 
several parts by weight of sand. A mixture of cement, sand and water 
is called mortar. 

('ement is one of the most imf>ortant building materials in modern 
engineering. As it is inert towards waiter it is {ibsolutely irreplaceable 
in all ])ort and submarine structures, for the construction of dams, 
for the erection of buildings in damp places, etc. 

If mortar is mixed with gravel, crushed rock, etc?., we get concrete. 
(Vmcrete is very widely used to build vaults, arches, bridges, cisterns, 
tanks, rc^sidential houses, etc. Structures made of concrete bas(?d on 
iron })eains and rods are called reinforced concrete structures. 

'Fhe continuously growing demands of the national economy for 
building materials led to a considerable grow th of the cement industry 
in the Soviet Union. In 1955, 22.5 million tons of cement were f)r()duce(l 
in the l^S.S.R., and by 1900 the cement out})ut wdll have reached 
55 million tons yearly. 
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Other types of cement besides silicate cement are also manufactured 
ill the U.S.S.R. 

Alumina cement is jirepared by fusing a linely ])ulverized rnixtme 
of bauxite (natural aluminium oxide) and limestone. The mixture 
is fused in vertical or special electric kilns. Alumina cement contains 
a smaller percentage of (ViO, but more AkO^. than silicate cement. 
Its a])proximate composition is 40 per cent CaO, 10 ])er cent SiO^ 
and 50 per cent AL,0.j. The chief com])ounds constituting this cement 
are various calcium aluminates. Alumina cement hardens much 
more rapidly than silicate cement. Besides, it resists sea water more 
effectively. As alumina cement is much more exjiensive than silicate 
cement, it is used for construction j)ur])oses only in s])ecial cases. 

Acid-refiifitant cement is a mixture of finely gi’ound quartz sand 
and an “active” silica substance possessing a highly devekqied surface. 
The latter is usually either chemically treated tripoli or artificially 
])roduced silicon dioxide. When sodium silicate solution is added 
to this mixture it becomes plastic and hardens subsecpieiitly into 
a stable mass resisting all a(?ids except hydrofluoric. 

Acid-resistant cement is used mainly as a binder when lining chemical 
apparatuses with acid-resistant tiles. In some api)aratuses deficient 
lead is substituted by acid-resistant cement. 

187. Sliieo-Orgaiiic Coinpouiids. There has long been known a 
considerable number of various silicon compounds in which the silicon 
atoms are combined with carbon atoms. These compounds are known 
as silico-organic com})ounds. 

For a long time silico-organic compounds were of Jio practical 
im])ortance. 

In Iflih) the Soviet scientist K. Andrianov developed a method 
of synthesis of high molecular silico-organic compounds which now 
forms the basis of the industrial method for the ])reparation of a 
number of products possessing very valuable |)ro])erties. 

K. Andrianov synthesized esters of derivatives of orthosilicic acid 
Si(()H )4 in Avhich one, two, or three hydroxyl groups were substituted 
by hydrocarbon radicals. For example: 

CH, CH, 

( H 3 Si ()-- ( H;, (TTj Si O -CH^ 

VH,, 0 CH3 

0 CH, 

CH., Si O CH, 

O -CH, 
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H ydrolysis of these esters should have resulted in the corresj)onding 
hydroxyl-containing silicon compounds, but they immediately con¬ 
dense, s})litting off water molecules and forming poly condensates. 
Foi* inst ance, the substances resulting from the hydrolysis of a mixture 
of ((-H3)2Si(OCH3)o and (CH3)3SiOCH3 may condense further 
according to the following equation: 

Cii, (^H3 (^H3 CH3 

( H3 Si OiH^ HO Si O H * HO Si - O H ! HO Si-(^H3 > 

OH3 rH3 (^H3 OH3 

(^H3 (^H3 (^H3 (R 

‘ VY\ 3 - Si 0 - Si O - Si O Si OH 3 4. 3 H..() 

(^H3 (^H3 oh 3 OH 3 

If condensation pioceeds to a minor degree (so that tin* mok^eules 
contain about ten atoms of silicon) the resulting li(|uids can be used 
as lubricants. Their valuable ]>ro])erties are: insignificant change 
in viscosity over a wide range of tern])e'ratures and chemical stability 
with res])ect to metals. Oonipared to ordinary lubricants, which are 
mixtures of saturated hydrocarbons, they are niucli more stable 
against high temperatures. 

If condensation is more extensive the resulting substances an^ of 
a resinous nature. Such resins ai*e very lieat resistant owing to the 
high strength of their Si O bond, and are excellent dielectrics. 
They are us(‘d for insulating electric conductoi-s in cases wiiere ordinary 
insulation is unsuitable due to high temj)eratures. Rubber-like mate¬ 
rials can be obtaincMl on the basis of silicjo-organic re^sins, w^hich retain 
their elasticity at temperatures from —bO to | 20(r C and do not 
break down even at 


(CILLOIDS 

188 . Crystalline and ('olloid States of Siihstanees. If a solution of 
sodium silicate is added to concentrated hydrochloric acid, the re¬ 
sulting silicic acid docs not se[)aratc out as lueeipitate but remains 
in solution together with the sodium chloride formed during the 
reaction. 

The hydrochloric acid and sodium chloride can be removed from 
the solution in the following w ay. The solution is j)laced in a bottomless 
cylinder with a membrane of parchment paper or an animal bladder 
bound over its end. The cylinder is submerged in a wider vessel 
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containing water which is contiinionsly renewed (Fig. 117). Tlie sodium 
chloride and HCl difftise freely through the memhfaiie into tht; outer 
vessel, hut the silicic acid cannot f)eiictratc the membrane and remains 
in solution, .^s a result, the cylinder will be found after some time 
to contain a f)iire solution of silicic acid. 

The method of separating dissolved sid)stanc(>s based on the fact 
that one of thc^m will not diffiise through a membrane, is known 
as dialysis, and the ap])aratus d(\sci*ibed is called a dialvzer. 

Many other dissolved substam^es. b(\sides sili(ae acid, viz., gliu*, 
gelatine, egg albumen, etc., cannot peiu^trate a mefnt)rane of parch¬ 
ment ])aper or bladder. 

In the si.vties of the last century the ditfusioii of dissolved sn})stances 
through vegetable and animal membranes vas studied in d(‘tail l)y 
the English chemist (iraham. 

(h-aham found that all substances capable of diffusing in solution 
are crystalline in the solid state. On the contrary, substances which 
could not diffuse through memi)ranes 
Avere found to be amorphous, and 
formed sha])eless, and to a certain 
d(‘gree plastic, masses when isolated 
from solution. On this l.)asi8 (o-a- 
ham called the forinej* crystalloids 
and the latter colloids (from the (heck 
“coIla“.glue). 

Hr)wev(‘]*, as early as J<s()t), the 
1 Russian botanist 1. Horshchov ])ut 
forth i\\(y assumption that the pa 
tides may also b )f (*rvstr 

Further investigati(ms confirmed this avSsn]]i])tion and led to tlie 
conclusion that (iraham’s division of su])stances into crystalloids 
and colloids should be reje(ded. as jiot only such typical colloids 
as albumen could be obt ained in the form of crystals, but many indis 
])utable crystalloids, such as common salt, (?ouId be obtain(d in the 
form of colloids. 

Finally, it was proved that the same substance could behave like 
a colloid in some solvents and lik(‘ a crvstalhud in others. For instance', 
ordinary soap dissolved in water diffuses Acry slowly and cannot 
j)enetrate a niemlmine, showing it to be a eolloid: but in ale^ohol 
sc)lution the same soap ]>ossesses tlie ]Aropei‘ties of a erystalloid. 

Thus, the sliar]) demarcation line between (Tvstallokls and colloids 
gradually disap|)eared, and at. present we can s])eak only of the 
crystalloid or colloid states of substances, just as wc have spoken 
above of their solid and liquid states. 

The colloid state of substances plays a very im})ortant ])art Jiot 
only in chemistry, but also in biology, medicine, technology and 
agriculture, and therefore we shall dAvell on it in some detail. 
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181). I>ispcrs(Ml Systems. If a fine powder of any insoluble substance, 
say clay, is shaken with water, the larger particles will soon settle 
at the bottom while the finest will remain in a "suspended” state 
in the water for a considerable length of time, so that the liquid 
may remain turbid sometimes for weeks. Liquids with particles of 
a solid substance suspended in them are called suspensions. 

If minute dro])s of a liquid are 
suspended in another liquid the system 
is called an eniiilsioii. An emulsion 
can easily be obtained by shaking 
an oil vigorously with water in the 
])resence of substances capable of 
lowering the surface tension of the 
oil. Ordinary milk is an emulsion of 
minute drops of i)utter fat in water 
(see Fig. 1, p. 13). 

Particles susj)endod in liquids can 
be separated from them by liltration. 
Ordinary filter paper will detain par- 

Fig. 118. Diagram of 5// i.e., O.OOo mill., 

jor jiirparation of colloidal SO in diameter, specially prepared filter 
luiion of silv(‘r ])aper down to 1 //, while clay filters 

detain particles as small as 0.2 ft. 

As long as ])articles above 0.1 in diameter are present in a liquid, 
it will not seem quite transjiarent. and the susjiended particles can 
be detected in a dro]) of the liquid with the aid of an ordinary 
microscope. 

A substance can be divided 
artificially into such tiny 
])articles, that the liquid con¬ 
taining them will seem cpiite 
transpai ent and homogeneous, 
although actually it is not 
homogeneous. For instance, if 
we dij) two silver wdres into 
distilled w^ater, connect them 
to a sufliciently [lowerful source 
ofelectriccurrcnt(rig. 1 18)and 119. Tyndal couc 

bring their ends together under 

the w'at(T, an electric arc will be struck and a brownish cloud 
will ap])ear. Soon the entire liquid will turn browm, though 
remaining quite transparent. This colouring is due to minute par¬ 
ticles of silver sent into the water by the electric arc. If gold 
w ires are used instead of the silver ones, the liquid will turn purple 
and will contain minute particles of gold. The ]:)articles obtained 
in this manner cannot be detected even witli the most jiowerful 
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magnification possible in an ordinary microscojje, but their ])resence 
can be revealed by means of the so-called Tyndall effect. 

The Tyndall effect may be explained as follows. If a beam of con¬ 
verging rays, say, from a projection lantern, is passed through a 
liquid containing minute particles in suspension, each of these ])articlcs 
scatters the light rays that fall on it. be^coming, in a sense, a luminous 
point. Thus, the entire path of the rays through the liquid becomes 
visible, having the appearance of a bright cone, if viewed in a darkened 
room. 

The Tyndall effect is the underlying principle of the instrument 
known as the ultra-microscope\ with this instrument, particles less 
than 0.1 fji in diameter, and 
invisible under an ordinary 
microscope, can be detected 
in a liquid. The difference 
between an ultra-microseo})e 
(Fig. 120) and an ordinary 
one is that in the former 
the light falls laterally on the 
li(pud under study, instead 
of from below. If the licpiid 
is perfectl >' homogeneous, 
all the fields of vision will 
aj)f)ear dark, as no light 
rays enter the tube of the 
microsco])e. But if the liquid 

contains minute suspended }>articlcs, say. silver parti(;l(\s formed 
by an electric arc, the rays scattered by them come to the observer's 
eye and the dark background will appear studded with lumijious 
specks in continuous motion (Brownian movement). 

“If the particles are much less than O.l // in size, they may be 
difficult to discern even with an ultra-microscope, but the beam of 


“f 



Fig. 120. Diagram of ultra-iriicroscop(‘ 


rays ])assing through the liquid will still be observed. Finally, if 
the ])articles are as small as 1 my, the light scattering becomes 
so insignificant that this phenomenon also disa})])ears and the liquid 
ap])ears quite homogeneous or, as we say, ‘‘optically void. Such, 
for instance, are ordinary solutions of various substances. 

Any system in which one substance is finely dit'ided and distributed 
as more, or less minute particles throiajh another substance, is called 
a dispersed system; the divided substance is known as the dispersed 
phase of the system while the substance around it is called the dis¬ 
persion iriediuni. For instance, in the case of a suspension of clay 
in water, the dispersed j)hase consists of the clay particles, while the 
dispersion medium is water. 

Dispersed systems, as we have seen, may have different degrees 
of dispersion. Suspensions and emulsions are classed as coarsely 
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dis|)erse(l systems, as the j)articles of their (iis])crsed phases are 
e()m|)aratively large. On tlie other liand, ordinary solutions are 
systems with very high, one may say ultimate, degrees of dispersion, 
as the distributed substance is broken down into molecules and/or 
ions, in this limit case there is no dispersed ])hase to speak of, as 
the entire solution is one single ])hase. An ijpermediate [position is 
occupied l)y dispersed systems, in which the size of the dispersed 
particles is larger than in ordinary solutions, but still so small that 
they are discernible only with the aid of an ultra-microsco})e. Such 
systems are called colloidal solutions or sols. 

A close study of colloidal solutions shows that no sharp boundaiT 
can be drawn betwe(*n such solutions and ordinary, or, as they are 

called.“true" solutions, 

• *•* *.* .* ’.*•*/ / ' *. ; * • c)n tlie one hand, and 



sns])ensions or (‘innl- 
sions, on the other. 
Therefore*, the division 



of dis|)ersed systems 
with liepiid dispersion 
media, into the three 
ab(>\ e (^lass(*s is rather 
conventi(»nal. The de- 
inarca tion line bet ween 
these classes is deter 
mined a])] )rox i ma.t(*ly 
by the limits of visibil¬ 


ity Avith an ordinary 

Fii^. liM. Sil\«T sol (majiniilication l.s,(K)n ) mici*oscope and with 

an n Itra -microscope. 


Sif.sju tisioHs and (^wulsioihs contain i)articles A isible under an or¬ 
dinary microscopes. Their size exceeds 100///// (0.1^^). The ludero- 
geneity e)f such a syste*m c-aii be eletc^cted by the nakeel eye. 

Colloidal ,solHtion>s. Size e>f elis])erseiel parti(*le\s between KM) and 
I rnfi. The partied(\s are disceniible only uneler the ultra-microsco})e: 
they ])ass unhinelere'el thre)ugh the pores of orelinary tilters, but can 
be eletaineel by membranes of parchment ])a])e*r, l)ull bladeler e)r 
s|)ecial ‘ultra-tiltews." In transmitted tight colloielal se)lutie)iis appeal* 
(|uite trans])arent anel he)me)gene*ous, in reflected light slightly turlud, 
t\specially if the size of their particles is close to 100 m/y. 

Modern electron microscopes, which give magnifications of tens and 
hundreds of thousands of times, enable not only detection of colloidal 
particl(*s. but determination of their size and shape as well. 

Fig. 121 shows a silver sol photographed with the aid of an electron 


microscope. 

True solutions. Size of dispersed particles below 1 m.fi. Such jiar- 
ticles cannot be detected by optical means. 
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If we arrange liciuid dispersed systems in order of inereasing dis- 
])ersity of tlie solid or li(pnd jiarticles they contain, we get the following 
series: 


SllHIMMINiOIlK UIKl OllllllNioilN ('olloliltil Kdlutiotis 'J'riJ(> NOlufi<»IIS 

1 nifi 

Inon-a.-^iiiK of (lisjxTsit y. 

Fig. 1122 gives a good idea of the relative particle size in different 
(I ispersec 1 s Nstems, 

190. Coniposilioii olf Colloidal Cartieles. Thus, the difference })etween 
colloidal and true solutions is that the dispei-sed particles in the 
former ar(‘ much larger. In trxw solutions the disfiersed ])articles aie 
molecules or ions of th(‘ solute, while in colloidal solutions the par¬ 
ticles are evidently whole aggregates consisting of numerous molecules. 
An idea of the size of these aggregates (f)f the number of molecules 
Ibrrning them) can be had by determining th(^ relative weight of 
colloidal ])articles. For instance, the relative weights of the soa)) 
])artiel(‘s contained in a colloidal solution of soap in water ranges 
from 7,000 to 15,000 oxygen units, depending on tlie concentration. 
I5ut if the same soap is dissolved in alcohol it forms a true solution, and 
determination of the boiling ])oint of such a solution gives a moletailar 
weight of 306 for soax), eorres])oiicling to the formula (\ 7 H 35 (-(.)ONa, 
obtained by analysis. Hence, the soa}) ])articles contained in the 
colloidal solution are aggregates consisting of 20 to 50 molecules 
each. Likewise, ])articles of metals contained in colloidal solutions like 
those obtained by dispersing silver in water, are found to consist of 
scores and hundreds of atoms, while the molecules of the metals in the 
gaseous state or in mercury solution consist of only one atom each. 

In some easels the molecules themselves are so large that they form 
a colloidal solution without combining into largei* aggregates. For 
instance, the molecule of the red sul)stance of blood corpuscles, 
haemoglobin, weighs ax)]^roximately 68,100 oxygen units, while the 
molecular weights of some other |)roteins may be as high as several 
million units. 

191. Preparation olf Colloidal Solutions, (-olloidal solutions can be 
detained by various methods. 

Some substances having a complex com])osition and large mole¬ 
cules, such as ])roteins. gelatine, gum arabic, form colloidal solutions 
if merely left in contact wdth winter for a sufficient length of time. 
Others can be converted to the colloidal state by grinding them w ith 
the Ii(piid. Coarse }iarticles can also be ground to colloidal size in 
so-called colloid mills. Such mills are wddely used in ]wactice for the 
j)reparation of various x>aints, j^axicr and rubber fillers, in the x>harma- 
ceutical industry, in the food iiidustry, etc. Substances can be giound 
by colloid mills to x)^rticles as small as 0.01 fA in diameter. 
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The above rnetJiods are based on the conversion oi* large particles 
into smaller ones and an' for this reason classed as <iispersiofi rnethocLs. 
But colloids can be ])repared also in the op])()site way, by sotting np 
conditions that promote the combination of sim])le molecules into 
larger aggregates wliich will not, however, exceed a certain liniit. 
Such methods areknov> ri as eondcnsation methods: they are based on 

cliemical reactions taking 
placeina(|ueous solutions. 
By adjusting the condi¬ 
tions a])] )ropriately, t he in¬ 
soluble substance fornuHl 
during the reaction can 
in many cases l)e made 
to assume the form of 
colloidal particles (»f out* 
size or another, giving rise 
to a colloidal solution. 
For instance, the colloidal 
go Id sol n t ion des(jr i 1 )e( 1 
above can easily be ob¬ 
tained by reducing auric 
chloride with formalin. 

Add se\x'ral drops of 
a 1 per cent solution ot‘ 
AuC'l^ to a test tube 
containing distilk'd water. Heat the solution to boiling and then add 
2 or 3 mi. of a very weak solution of formalin. The liquid turiLs a 
beautiful puri)le colour due to the formation of colloidal particles of 
gold: 

.() .0 

2 AuCl., 3 HCy 





Kijr. 122. Rdalive si/t s oi‘various part 
A~ crvthrocytoB of Inuimii lilood, (liarnotor about 7..5//; 
li-- fratrm(‘iits of starch grains, 3 to anthrax bacilli, 

length 4 to cocci, 0.1 to 1/*;/^—particles of kaolin 

sn.spension; /, g, h ■ particles of gold suspension, 0.075 to 
0.2/<; «, /, A- })articlcs of colliilal gold, 0.000 to 0.015/< 


3 HoO - 2 An + (> HC1 ^ 3 H(r 




OH 


Of course, in this case gold is evolved first in the form of individual 
atoms which, however, combine into larger aggregates immediate!\ 
afterwards. 

Several more examples of the formation of colloidal solutions during 
chemical reactions are given below. 

1. Heat sonu' distilled water to boiling in a beaker and then add a 
solution of ferric chloride FeChj drop by drop. 

As a result of hydrolysis, a large })art of tlie ferric chloride is converted 
into ferric hydroxide: 

Fe( I, -i 3 H,0 Fe(()H), ; 3 H(1 


At the same time a certain (juantity of the basic salt FeOd will 
be formed. 
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Though ferric hydroxide is hisoluhle in water, it does not form a 
yu-ecipitate under the above conditions but. remains in solution as 
very minute ])articJes. Tlic result is a transparent Fe(OH)., sol. of t he 
colour of strong tea. 

2. ]^iss hydrogen sulpliide for some time through a. solution oi 
aisenious acid: 


2 H^AsO, ; 3 H,S - As,S, -1- G H,0 

A transparent golden yellow sol of arsenic trisulphide rc*sults. 

Anotli(>r condensation method is that of tlie production of iiK^tal 
sols with the aid of an electric arc. A study of this jihenomenon sliowcd 
that when the arc is struck the metal is converted directly to the 
gaseous form, where it is divided into sc'parate atoms; the colloidal 
])articles of the metal form as a result of cojidensation of its vapoui’. 

102. Stability ot (kdloidal Solutions. 1 jike the molecules of true 
solutions, the colloid particles of sols are in a state of continuous uu- 
orderly movemeut (BroAvnian moveineut). Although the iuteusity of 
this movement falls raj)idly as the ])article size increases, in the case 
of colloidal solutions it is still high enough to eoimtera(»t gravity and 
to keej) the colloid ])articles from settling to the bottom, as in the case 
of (joarse susj)ensions. It wonld seem that as the Ihownian movement 
leads to incessant collisions between the colloid ])articles, it should 
inevitably result in their combining into larger aggregates and precipi¬ 
tating, thus breaking u}) the sol. But this is not so; colloidal systems are 
(j[uitc stable and in many cases are ca|)able of standing for years 
without undergoing any visible change. ()bvio\isly, they are under 
the action of some forces wliich hinder ])article growth and destruction 
of the sols. These forces are the electric charges on the colloid particles. 

If two electrodes connected to the poles of a current source ol 
suflieieutly high voltage are dipped into a colloidal solution, the 
colloid j)articles begin to migrate slowly to^\’ards the anode or the 
cathode. This phenomenon, discovered as far back as 1809 by Pro¬ 
fessor F. lleiss of tlie Moscow University, is known as electropho¬ 
resis, i.e., electrical transfer of ])articles. The movement of the colloid 
])articles under tlie inlluence of current shows that they carry a 
definite electrical cl large. The particles of metal hydroxides, many 
organic paints, hacmioglobin, etc., are positively cliargod; negative 
charges occur on particles of metals, sulphur, sulphides and gum 
arabic. 

The origin of these charges is attributed to the adsorption of ions 
I'rom solution by the colloid jiarticles. In most cases colloidal particles 
are formed in media containing electrolytes of some kind, and if the 
particles are ea])able of adsorbing predominantly or exclusively ions 
of one type, i.e., either cations or anions, they acquire the charge of 
those ions. For instance, the colloidal jiarticles of arsenic trisulphide 
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formed by the aetioii of hydrogen sulpliide on an H.,As().j sointio!) 
adsorb HS' ions from the solution and turn into large negatively 
charged anions, the (*oniposition of which can bt‘ reprcvsented by tlie 
following conventional formula: 

(|As,S,l., • .rHS'J 


Of course, charged colloid particles can exist in solution only if the 
latter contains at the same time ions of the o])|)osite charge, called 
eoiinior-ioiis. In this case the counter-ions are hydrogen ions. 

A system consisting of a charged colloidal f)article and the ions 
ncutraliziiijr it is known as a mice s structure is shown in Kig. 128. 

The micelle of arsenic trisulphide 
0 ® can be re])resented as follows: 


© 

© 


® © 

_©®©^ 

©WAS2S3 @® , 
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JIAsoSg],,, • ,rH 8 '| i 

AVhen a current is ])assed through 
the solution, the negatively charged 
ions of the micelles are di-awn 
towards the anode, where they 
de])osit gi’adually as yellow arsenic 
trisulphide. (Weful analysis always 
detects a cei*taiii excess of sul])hur 
in this de])osit relative to the for¬ 
mula AS 2 S 3 . At the same time 


hydrogen is obsei vcni to be lilrerated 
Q HS Lon © H ion cathod(‘. 


Fig. 128. Struc t nr of iiiiccllc Other colloid ])ar'ticles become 

charged in a way similar to that 
described for arsenic trisulphide? ])articles. For* instance, a gold solution 
obtained by dis])crsing metallic gold in water contains the colloidal 
anions |[Au],; • :r()H'j. formed as a result of adsoi'ption of 
hydroxyl ions fi*om the water : a colloidal solution of ferric hydroxide 
obtained by hydrolysis of fer ric chloride (contains the colloidal cations 


||Fe(OH).j],„ • tFcO* or Fe(OH).j]„rirFe*'' j, etc. 

The capacity of colloid particles for adsorbing ions accounts for the 
stability of colloidal solutions. The adsorbed ions impart like electrical 
charges to the particles, keeping them from a])])r-oaching each other* 
and clustei'ing into larger aggregates. Besides, the charged colloid 
particles and their counter-ions may be highly solvated in solution, 
which also imjredes close contact and cohesion of the ])articlcs. 

The mechanism of formation of colloidal solutions during chemical 
reactions may be ])ictured as follows. 

The molecules of the insoluble substance, say Fe( 0 H) 3 , produced as 
a result of a reaction, immediately begin to cluster into larger and larger 
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partickis. Usually the giowtli of these parti(*lcs is very ra])i(] (praeti- 
eally almost instantaneous) and results in ])reeipitation. But under 
suitable (-onditions the ])articles begin at a delinite stage of their 
giowth to adsorb the i(jns (^ontaiiu'd iji the solution, as a result of 
which they actpiire a (Udinite (charge. The a[)j)(‘aranee of tlu^ charge 
on the ])articl(>s c,h(K*ks oi* greatly retards their further growth and 
they remain in the Ii(piid, forming a colloidal solution. 

193. (/Oagiihilioii. Sinc(^ thc^ stability ol colloidal solutions is due 
to th(‘ presence of c‘lectrical charges ajui solvate shells on the colloid 
particles, any factor causing such charges to decrease or disai)pear 
must obviously (h^crc'asc^ th(^ stability of colloidal solutions, ]>romoting 
(‘ohesion of tlieir particles and the formation of larger aggrc^gates. 
This |>roc(‘ss of growth of (*olloid particles is known as eoagiiialioii or 
curdling, it takers place very slowly in any colloidal solution. When 
1h(‘ })articles reach a certain size. i'a|)id ])reci])itation or scdirncntatioii 
sets in. 

The chief method of accelerating coagulation is by adding small 
(piantities of various elecdrolytes to the colloidal solution. The intro¬ 
duction of an el(H5ti*olyte into the solution gieatly increases the total 
concentration of ions in it, creating favourable conditions for the 
charged colloid particles to absorb ions of the o|)|)osite sign. Thus, 
the initial cliarge of tlu? particles decreases oi* is neutralizenl altogether, 
aftcT whic^h ra|)id coagulation of the sol sets in. 

Take, for instance, a colloidal solution of arsenic trisul])hide AsoS;,, 
a transparent light yellow li(juid, and add some hydrochloiic acul oi- 
some salt solution to it; coagulation begins immediately, and arsenic 
1risid])hide separates out of the liquid in a form of yellow precipitate. 
Uoagulation can be caused in other c()lloi<lal solutions in a similar way. 

Not only the particles contained in colloidal solutions, but also the 
coarser particU's of sus])ensions, are always charged. Therefore, the 
addition of electrolytes to suspensions promotes ra])id precij)itation. 
"J"he formation of deltas at the mouths ot rivers as they tall into the 
sea may be attributed to the ])recipitation ot suspended clay and sand 
particles due to the i*iver water mixing with the salt sea water. 

(■oagulation can be brought about not only by electrolytes but also 
by other colloids with opposite charges on their pai’ticles. For instanc(\ 
if a solution of arsenic trisulphide is mixed with a solution of ferric 
hydroxide, a ])reci])itate immediately a|)])ears, although no chemical 
reaction has tak(>n ])lace between the two substances: the positivc'Iy 
and negatively charged |)articles neutraliZiC each others charges, 
heading to mut ual (H)agulatiou ol the colloids. Tl\e same ])hen()iiieuon 
can often be observed when variously coloured inks are inixed, theses 
inks usually being colloidal solutions of organic dyes. II one of the 
dyes is })ositivelv chargcHl and the other negatively, mixing them will 
cause the formation of a tiaky precipitate and the li(|uid above it 
becomes colourless. 
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The coagulation of colloids by one another has found a very impoC' 
tant use in the purification of drinking water. The settling tanks and 
sand and coke filters used for the purification of river Avater before it 
is delivered to the water inains cannot detain particles of the fine 
suspensions and colloids contained in large quantities in any natural 
waters. In most ceases these j)articles are negatively charged. To 
coagulate tliern a positively charged sol of aluminium hydroxide 
A1(0H)3 is used. In practice this is done as follows: a precalculated 
quantity of aluminium sulphate is added to the water in the settling 
tank. Part of it reacts AA'ith the calcium and magnesium carbonates 
ill tlie water, forming aluminium carbonate which is immediately 
conqrletely hydrol^^zcd. Another part is directly hydrolyzed by water. 
The result is an aluminium hydroxide sol which coagulates the colloids 
contained in the water, forming a precijiitate that cannot pass through 
the filter. 

Although adding electrolytes is the (thief means of coagulating sols, 
it is not the only one. Many sols coagulate when heated. Heating in¬ 
creases the velocity of the colloid particles and at the same tinu* 
decreases the adsorption of ions and therefore the charges on the 
colloid particles, promoting the forrmation of clusters Avhere they 
collide. For instance, if a sol of arsenic trisulphide is heated to boiling, 
a yellow precipitate of AsgS^ falls out immediately. The setting (fi* 
egg albumen when heated, the turning of milk, etc., are commonly 
known facts. Finally, all methods of concentrating sols (evaporation 
or freezing out of the solvent, etc.) also load to coagulation. 

194. Lyophilic and Lyophobie Colloids. The precii)itates formed 1)\ 
the coagulation of colloids ma\?^ be of various structures. Some colloids 
form jelly-like precipitates, retaining immense (quantities of the sol v(mt, 
others precipitate in the form of powders or Hakes which liardly carry 
any solvent with them at all. 

On this basis, the former are called lyophilic colloids and the lattc'i* 
lyophobie.* In particular, vlien the solvent is Avater, the colloids may 
be hydrophilic or hydrophobic. Hydrophilic colloids include proteins, 
glue, starch, silicic acid and generally high-molecular compounds; 
hydrophobic colloids include metallic colloids, metal sulphid(\s, 
various salts, etc. The hydroxides of metals occupy a somcAvhat 
intermediate position betAA'(?cn these two class(\s. 

Th(‘ difference between lyophilic and lyophobie colloids is mani¬ 
fested in many respects. 

1) vSols of lyophilic colloids are much more viscous than the pure 
solvent, whereas the viscosity of sols of lyo])h()bic colloids hardly 
differs from that of the pure solvent. 

2) The coagulation of lyophilic colloids is, as a rule (but not always), 
a reversible process. The preci|)itat(j of a lyophilic colloid will pass 

* From (.{rook lf/<> - I (lissolvf*. philco - ] love, hjkI phohos - Umr. 
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l)aek Ulto tlic sol if tlie cause of coagulation is removed. On the con¬ 
trary, a preciiiitato formed by a lyophobic colloid will not usually 
redissolve if tieated with a new y)oriioM of the solvent. 

3) Sols of lyophilic colloids are much more stabl(‘ than tliose of lyo- 
phobic colloids. Whereas the latter coagulate in tlu' presence of very 
small quantities of electrol>d.es, coagulation of lyophilic colloids ra- 
(piires the addition of considerable quantities of electrolytes. In this 
(‘.ase the process is usually called salting out. An exanqile of the latter 
is the salting out of soap from its colloidal solution in water. 

The high stability of the sols of lyophilic colloids is due to their 
ability to solvate. The intliKuico ofV)hatation on the stability of 
the lyo|)hobic (jolloids is conqiaratively small and is manifested 
chiefly in solvatation of their counter-ions. In lyo])hilic colloids, on 
the other hand, the entire particle is solvated,’due, jirobably, not 
sim])ly to electrostatic attraction of the dispersion mediuni mol¬ 
ecules liiit to a more ])rofound interaction between them and 
the dispersion medium, as in the aisc of a molecular solution. Thus, 
th(^ ])articles of a lyojihilic (iolloid are sunounded by a dense solvate 
shell \\liieh keeps them from clustei*ing. To cause coagulation, these 
solvate shells must be removed, Avhich is done by adding large amounts 
of electrolytes. The ions of the latter themselves become solvated, 
abstracting the solvent molecules from the particles of the colloid, 
and thus ca\ise its coagulation. The solvate shell can be destroyed 
also by other means. For instance, a glue sol (^an be coagulated l)v adding 
alcohol to it, as the latter a Isf) binds water molecules. In general, it sliould 
be noted that the main stability factor of J>o])hobic eolloids is the 
<^harg(‘ on their jiartieles, while that of l\' 0 |)hilic (*olJoids is solvatation. 

It is not(‘worthy that easily coagulated sols of lyophol)ic colloids 
can be made v(*ry stable Avith respect to (electrolytes by adding a 
small quantity of some Jy()|)hilie colloid, say gidatine, gum arabic, 
etc. A similar ‘'protective intiueiUM''’ is dis])layed by lyopliilic colloids 
over suspensions, their presence greatly retarding the settling of the 
sus]>ended ])artickes. 

The imyiortaiit phenomenon of ’colloidal ])rotection” can be 
illustrated by the following e.vqieriment. 

Pour some dilute hydroclilorie a(ud into two best tidies and add 
a little gelatine solut ion to one of them. TJien add some silver nitrate 
solution to both test tub(;?s and sliake them well. In the test tube 
not containing gelatine eharaeteristic eurd-lik(" ilakc's of silver chloride 
form after shaking; in tlu^ other test tube the entire licpiid bccoiiK'.s 
turbid, but no preeipitate falls out. Owing to the jireserice of the 
gelatine, tlie minute partiek's of silver ehloridt' do not (duster into 
Hakes, but remain in solution in tlie form of a serv line suspension. 

Tin’s principle is ntiliz(‘d in the pnvparation of jihotographic bromo- 
gedatine plates, tlie gedatine layci' of which c*ontains a very fine sus- 
jiension of silver bromide. 



4SS 


CliHptcr X\'II. Till'!! CAKMON 


The ineehaiiisjii of (colloid ])rote(*tion consists af)))Mreiilly in the 
fact tJjat tJie JyophiJie colloid coals the* particles of the lyopliobic 
colloid, ])rotecting them IVom the penetration of ions and the formation 
of clusters. 

195. Foriiiaiioii ol* Jollies. The sols of many lyophilic colloids are 
capable, under c(>rtain conditions, of coagulating in such a way 
that th(' entire sol is converted into a rathei* dense mass called a 
jelly oi gel. This }»ro(*(^ss is(*alled jelliiieatioii or gelaiiiiatioii. A (*ommonly 
knoAvn example is that of gelatine, a two or three ])er cent solution 
of winch in warm \\ater turns after some time into a ratlier thick 
jelly. When heated the jelly again becomes a sol. 

Similar jellies are formed by colloidal solutions of silicic acid, 
with the onlv difference that in this case coagulation is irrevcM- 
sible. 

According to j)!*cs('nt-<lay views, ar<‘ tonned hy liigh-inol(‘cu!ar com* 

pounds, tJic rnolcc'uU's of* whicli arc (*apal)l(' of nnil ing into long chains or threads. 
'riics(‘ threads iut<a’timg!e to form an intricate spa.ee la.tti(^e or scT-ecn 
sk(‘leton), th(‘ cells of wlii(‘h arc tilt d with li<|uid (Fig. 124). This struct are 
accounts for the jelly ha\ing tlu' projw'rties of a solid, 'flu* cohesion of the 

partich'S in the lattice may b(‘ so w(‘ak that it 
is som(‘tim(*s sufficient to shake th(‘ j<‘lly foi* 
its .structun* to break down and a sol t<> i'orm. 

It is obvious that jcllilication of tlu* 
entire sol r(‘(|uires a suflitdent concentra¬ 
tion of the colloid, as it must bind the 
entire amount of solvent present. In 
this respect jelly-forming colloids differ 
greatly from otic another. I'hus, gtdalinc 
will form a jelly tit a (toiu^enlration of I 
to l.T) |»er cent, agar-agar, at a conct^n- 
tration of only 0.20 ])er cent, while other 
colloids recpiire liigher (‘oncentrations. 

Jcllilication d(^])ends greatly on tlu* 
temperature. For instance, a 10 per cent 
gelatine jelly, which is quite solid at room 
tennperature, liqueti(\s ra])idly if heat(‘d 
to 40 or o(}'(\ ])assing into a sol. 

The consistence of a jelly de])en(ls 
greatly on the amount of solvent con¬ 
tained in it. For instance, a silicic acid jelly containing 04 to 
07 ])er cent water has tlu^ a])])carance of a jelly and (juivers if shaken; 
if it contains 00 to 02 p(>r cent water it can be cut with a knife. A jelly 
containing 75 per cent water is breakabk^ 

Jellies may undergo jiiofound changes in time, decreasing in 
volume and se])arating out their liipiid. This phenomenon is called 
syiicresis and is observed during many processes of everyday life. 



Fig. 124. S(rh(‘in{Ui(' .slru(*tur<- 
of a jolly 
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A well knowJ 1 oxam]»l(? of syocresiH is tlio eurdlinfr of sour milk to 
form eurds and wlu\v. 

VVIu>ii dried, some jellies cliang(‘ little in volume, their skeleton 
remaining intact, hut hecomc^ liarder and liarder until they tu!*n 
(‘iitirely into a hrittl(> mass which (*.an easily h(> gi'ound to a. ])()wd(‘r. 
Su(di j('lli(*s usually contain Jiumerous ])oi'es and. like charcoal, are 
ex(?eJIent adsorbents. Those include tlie dried jelly of silicic acid, 
called silica g(d (see § JS3). Other jellies, such as tliose of gelatine, 
various |)roteins. rubbers, etc., on the cmUrary. contract greatly 
when dried but are aftei wards still ca])able (>f bending witliout break¬ 
ing. Such jellies are refcTred to as dasUr jellies. 

A remarkable |)e(mliaj-ity of elastic jellies is their ability to Mwdl, 
i.e., absorl) ii(|uid, gi*eatly increasing in volume and (‘xerting high 
pressures. SouKdirnes the licjuid can be imbibed by th(‘ jelly only 
to a (certain limit, aftei* which swelling cctises (for instance wood). 
In other (;ases (such as glue or gelatine in hot water) tiu* jelly continues 
to swell indefinitely and finally ])asses into a sol. 

Investigation of the properties of substance in the colloidal state 
is of immense practical importance. Colloids are encountered in various 
b]*anches of industry and technology. Such aiv th(^ leather, rubber*, 
textile, soap, glass, photographic, and cei’amic industri(‘s, the ])rO' 
duction of artificial fibres, ])lastics. etc. In many of these industries 
colloid chemical investigations have led to considerabk* |)rogress in 
te(il 111 ologica I |)l• 0 (^ess(^s. 
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We shall he^iii our (iiscussioii of the irietals by exaininmg their 
geiieral j)ro])erties aiul tluj methods by vvhieh they are obtained 
from their Jiatural (?om])oiinds, and sliall then pass over to a survey 
of the individual metals ifi the order of their arrangeuKuit I)y grou])s 
in the Periodic Table. 

1%. Physical Properties of Metals. One of the most commonly 
known characteristic features of metals is their i)eeuliar '■metallic^'' 
lustre, which is due to their high (rapacity for lellecting light rays. 
However, the lustre of a metal can usually be obserrvecl only when 
it is in the form of a compact mass. True, magnesium and aluminium 
I'C'tain their lustre even in ])Owder form, but most metals are black 
or dark grey when ])ulvermrd. Bedsides, typi(‘al metals are g(X)d 
conductors of heat and elocrtrieity, their order in both of lliesc ca])ac- 
ities being the same: the best conductors are silvw and cop|)(*r 
and the woist, lead and mercury. With risi])g temperature tlie (‘lectrical 
conductivity of metals decreases, and vice versa. 

A ver’v important property of metals is their relatively easy mechani- 
(al deformability. Metals are plastic, tlu^y can be readily forged, 
drawn into wire, rolled into sheets, etc. 

The characteristic physical ])ropei-ti(^s of metals an? related to the 
peculiarities (jf their internal structun*. According to present-day 
\ ic\\\s. the crystals of metals con.sist of ])()sitively charged ions and 
free el(?ctrons, split away from the corresy)on(ling atoms. The crystal 
as a whole can be pictured as a spa(?o lattice with ions at its points 
and mobilo electrons in the interstices between them. 'I'hese electrons 
keep constantly ])assing from atom to atom and mo\'ing about tin? 
jiueleus now of one, now of another atom. As tlK? ele(‘trons are not 
bound np with any dehnito ions, a very small difTeren(?e of potentials 
is snflicient to make them move in a detiiiite direction, thus giving 
rise to electric current. Thus, the high electrical (ionductivity of metals 
is due to the presence of free electrons (“electron gas’') in them. 
If it is taken into account that tlie ions at the points of the lattice 
are not absolutely immobile either, but arc ('apabk? of minor oscillations, 
the reason for the (k^crease in electrical conductivity duo to lieating 
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will be readily understood. As tlie teriqjeratiin^ l ises. tlie oseillatorv 
tuotion of the loiis mcreases, im])ediiig the motion of electrons between 
tliem. 

I lie preweiiee <)f Iree elecrtrons accounts also for the higli th(^nnal 
coiuliicti\it\ of metals. Jn continuous motion, the (‘Icctrons kcf*|) 
constaiitly colliding witli the ions and exchanging energy with them, 
'rherefore, the more intense oscillation of the ions in any lieated 
portion of the metal is immc^diately tiansmitted to the 'adja(^(Mit 
ions, from them to the next, and soon, rajiidly equalizing the th(*rmal 

stat(‘of the metal, until at_ 

U'ugth tlu^ entire mass of 
the metal acquires the 
sa m(' teni]lerature. 

The above conc.e])tion 
of nu^tals being built up | 
ol" positive ions and fr(‘e 
(^lect i*ons agrees also with 
t he t \ ]ies of ciystal lat¬ 
tices found in metals. (V)n- Kl^^ J2r».rn]H()r Kij^. I2f>. Prism of 

tr*arv to salts, wher(^ the (i<‘ns('ly S])b(']“<‘ (i(‘ns(rly ]){u;k(‘(l S])hrn.'s 

points of the lattice* are 

occupied alteiaiately by anions and cations, the lattices of metals are 
made up of identical ])ositive ions. Since the electrons, owing to their 
insignificant size, r(H|uire very little s])ace. the metal ions are usually 
arranged according to one of the types of densest jiacking of (apial 
diameter spheres. TIktc are only two such types. In one the sphere's 
o(aiU]i\' the cornel's of cubes and the centres of their faces, as shown 
in Fig. 125. Such is the stru(*ture of the crystals of silveu*; gold, rhodium, 
platinum, nickel, aluminium, lead, and iron. The othei- type of dens(\st 
sphere packing is shown in Fig. 12G. Such is the arrangement ol 
tlie ions in the crystals of beryllium, magnesium, zinc, cadmium, 
osmium, titanium and otluTs. 

The packing is of the same d(*nseness in both cases, i.e.. tlu^ same 
volume is taken up liy a given number of spheres, Fach s])h(*re is 
surrounded by twel\ e others. Hence the coordination number of such 
lattices is 12. 

Hie plasticity of metals is also directly related to their intei'iial 
struct ure, whicli pei inits ready sli|)])age ol the ion layei's with respect 
to one another under tlu^ inHuence of external tor(*es. Some alloys 
which, like metals, have face-centred cubic lattices, are also highly 
plastic (brass, bronze). However, Avlien addition ol the alloying metal 
disturbs the structural homogeneity of the jirincijial metal, the 
resulting alloy is hard and brittle. 

llepeated displaitement of the ionic layers of a met al due to mei'hani- 
cal treatment disturbs the arrangement of its ions; the* metal becomes 
amorplious, as it were; its jilasticity decreases and its hardness m- 
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creases. Hom c'x er, plasticity can be restored to a niec^luiMically treated 
metal (for instance, a drawn iron wire) by '‘annealing." i.e., heating 
to a teinperatiire at A^ hich it regains its crystalline struct lire. 

Metals art' conventionally divided accoi-ding to specific gravity 
into two largi^ gron})s: light metals, the s])ecific gravity of which 
does not exceed 5. and heavy metals all the rest. The sjiecitic gravities 
and melting ])oints of some of the metals are given in Table 2(). Tlu^ 
data in this table sIiom' that all the metals. ex(^(^j)t mercui'y, ai*e solids 
at ordinary temperatures. The liglit metals aic generally th(> inort^ 
fusible. Among the heavy metals, on the contrary, there are many 
very refractory ones. Tlie lowest melting point after mercury is 
that of caesium (2<S" (') and the highest is that of tungsten (.‘h:iSO‘’(T 

The boiling points of metals are very high in the majority of casi^s. 
For instance. co|)])er hoils at 2.r)pr>‘^(\ iron at 2.740‘ (’, ])latinum at. 
about 4,400 (\ 

The vapours of metals are monatomic. 

Ih7. Chemical Ih'operlies of Metals. The cliief chemical })ri)])(Tty 
of metals is th(‘ ability of tiuur atoms to ])art rtadily w ith their valency 
electrons and foi in ])ositively charginl ions. Tv])ical metals nevi^r gain 
electrons; their ions are cliarged only positively. That is why imdals 
are referred to as “electropositive” elements in contradistinction to 
non-metals. Avhi(‘h are termed “electronegative" and ari* characteriziMl 
rather by their capacity for gaining electrons. 

Ty|)ical metals part readily with their valency electrons in chemical 
reactions and are thus poirerfiil reflacuKf nijenhs. 

The ca])a(aty for yielding electrons is by no means equal in diffenmt 
metals. The more easily a metal yields electrons, the more activ(‘ it 
is and the moj*e v igorously it will react with othei- substances. 

Various reactions can serve foi* a comparative study of the activity 
of metals. Ks|)ccially couAi'iiient for this ])urpose is the displacement 
of metals from their salts by other metals. For instance. dro]> a picce^ 
of zinc into a solution of some lead salt. The zinc will begin to dissolve. 
Avhile lead will de])osit from the solution. The reaction may be (l\- 
])ressed by the ecjuation 


Zn f 1 M)(N 03)2 Pb I Zn(N() 3)2 
the ionic equivalent of wliich is 

Zn f Fb*-- Pb f Zn-* 

It can be seen from the equation that this reaction is a ty|)ical 
oxidation-reduction leaction. It consists, essentially, in the zinc 
atoms yielding their valency electrons to Pb** ions, themselves 
becoming Zn ‘ * ions, while Pb* * ions are discharged and deposit 
as metallic lead. If the revi'i'se is tried, i.e., a ])iece of lead is dropped 
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SpocHIc <iniviU(^s and MoKin^; Points oV Soino Motals 


Nanio 


Sprfific 



wfiKla 

^Cravity 


Liffht mrtftls 

1 



Lithium . 

0.940 

0.53 

ISO 

PoUissium . 

•• ; 39.100 

0.80 

03 

Sodium. 

■ . ! 22.991 

0.97 

97.7 

(';il(M*um . 

• • i 4(».0,S 

1.54 

851 

Mii^nosiinn . 

24.32 

1.74 

051 

(’iiosium . 

132.91 

1.9 

28 

Aluminium. 

. . ! 26.i>S 

2.70 

000.1 

Jiariiim. 

.. 1 137.30 

3.5 

704 

(’hromium . 

.. i r. 2 .(ti 

7.14 

1,800 

Zint*. 

. . 1 05.3S 

7.14 

419.5 

'tin . 

.. i 118.70 

7.30 

231.9 

. 

54.94 

7.4 

1,250 

Iron. 

55.85 

7.87 

1,539 

Cadmium. 

112.41 

8.05 

320.9 

\i<*k(*l. 

58.09 

8.9 

1,453 

Co|)p(.‘r . 

03.54 

8.9 

1,083.2 

I’>isinuth. 

209.00 

9.8 

271.3 

Sil\'(‘r . 

107.880 

n>.49 

900.8 

L(‘iul.. 

. . ; 207.21 

1 1.34 

327.4 

AL'riMirv. 

.. ; 200.01 

13.55 

38.87 

'runij;stiMi . 

.. : i 

19.3 

3,380 

Cold . 

; lil7.(» 

19.3 

1,003 

JMatinum . 


21.45 

1,709 

Osmium . 

.. i lito.2 

22.0 

2,700 


into a solution of a zinc? salt, no reaction will occur. This shows that 
zinc is more active than lead, that its atoms yi(^ld electrons nu>re 
readily and its ions gain them less i*eadily than the atoms and ions 
of lead. 

By coin])aring the activities of JeJid and copper in a similar manner, 
it can easily be found that lead is more active than copper, as it 
displaces the latter from its salts, Avhile copper cannot displace lead: 

Pb + Cu- * - Cu h Pb- * 

Therefore, of tlie three metals compared above, namely, zinc, 
lead and copper, the most activ^e, the one that parts most readilj 
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witli its electnms. is zinc; lead is Jess active and co])i)cr still less 
act 

'riie displacement of metals by one another from their com])Oimds 
was studie^l in detail by N. Beketov (1S05) who arranged the metals 
in order of decreasing chemical activity in the so-called “dis])la(H;menl- 
sta-ies/' At ])resent Beketov’s displacement series is known as tlu? 
electromotive ioree seri<*s, as the jjosition of each metal in this series 
can be determined exactly by the magnitude of the el(M;tromotiv(» 
I'orce or difference of ])otentials which arises if the metal is di])])e(l 
into a solution of its salt. Methods of measuring these values and 
Th(‘ir importam^e will be dealt with a little lat('r. 

The electromotive force series for the most important metals. 
giv(‘n once alr(‘ady in § 09, is as follows: 

ImMivity of’ iiiMilral atoms 

K. Xa, (a. Mg. AL Mn. Zn, Fe, Xi. Sn. Bb, 11.,. (\i. Hg, Ag, An 

Docmisiii^ rupa<'i<y of ions for {^raining oloflrons 

I'his s(9-ies inclvides liydrogen. as it is also capable of displacing 
some of the metals from solutions of their salts and is, in its turn. 
(lis])laced by many metals from acid solutions. 

To determine the ])osition of hydrogen in the “displacimient series,” 
Beketov carried out the followuig ex])eriments. 

A solution of a metal salt, an acid and som(‘ zinc were placed 
separately in the arms of a bent glass tube (Fig. Jl^ 7). The tube was 

then sealed and inclined so tliat 
the zinc fell into the acid and the 
hydrogen thus liberated acted 
under jwessure on the salt solution. 
By observing the arm with the 

l-’ig. 127. 'PiilM'. for o.vi.. riiricm.s in solution, Beketov could judge 

metals In li\(lro^>eii whether the metal was displaced 
uji(l(‘r pressure by the hydrogen or not. On tlie 

basis of these expe^riments he came 
to the conclusion that hydrogen should follow lead in the “dis])laee- 
ment series” and that it is (capable of dis^^lacing (reducing) the metals 
below it, namely; eojrper, mercury, silver and gold, from solutioiiij 
of their salts. 

Beketov was certain that the displacement of hydrogen by metals 
was a reversible reaction and that tliere must exist a pressure for 
(‘ach metal at winch the reaction would reverse its direction, i.e., 
wiiere the hydrogen w ould begin to displace the metal from a solution 
of its salt. 

B(^kctov*s views A\'ere fully confirmed at a later date. 
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(V)nsicler, for instanco. the (lis]>lacenieiit of hydrogen hy zinc;: 

Zn : 2 H- ."Zn * i H, 

The (‘(jiiilihriiiiii eoiistani of this reaction is: 

, (Zrr-l. Ph, 

[H-r ’ 

wiiere th(^ (roiiceutration of hydrogen nui\ he substitiited by its ])ressur(‘ 
/Vi, in atiTios])heres. Calculation shows that at ordinary temperatures 
K - 30 X 10^"*. Hence, the ])ressiire of hydrogen required to make 
the reverse reaction, i.e., the disj)laeement of zinc by hydrogen, 
perceptible, is not attainable at th(‘ yuesent ]e\ el of tecihnjque. At 
ordinary yiressures the (^cpiilibrium of tin* reaction is ])raetically 
dis])lae(‘d comy)lctely to the right. 

Mowe\er. in the case of the reaction 

Sn i 2 H * Sn* ‘ • H., 
the eijiiilibrium constant 

A- 4 

therefore ecpiilibrium could be attained, say, witli the (jon- 
eentrations: [Sn* ‘] = 1 gram-ion/1., [H*] 0.01 gram-ion/1, and M'ith 

a jiressure of hydrogen Ph, — 4 atm. Hence, hydrogen is cai)abk‘ 
of disy^lacing tin from solutions of its salts at a (»onii)aratively low 
|)ressure. 

The electromotive force (c.ni.f.) series yu’ovides jnany general hints 
as to the chemical behaviour of the individual metals during reactions 
taking ydace in solution: 

1. Each metal of the series, as Avell as hydrogen under ])ressure, 
will disydacc (reduce) all the metals after (below^) it, from solutions 
of their salts. In its turn it wdll be disydaced (reduced) itself by any 
of the metals before (above) it. 

2. Only the metals before (above) hydrogen in the e.m.f. series 
can disyilaee it from dilute acids (“hydrogen salts'*). Metals to the 
right of (below ) hydrogen are incapable of disy)lacing hydrogen from 
acids. 

3. The farther to the left (the liigher uj)) a metal is in the e.m.f. 
series, the more active it is, the greater its reducing ca])acity with 
respect to ions of other metals, the easier it turns into ions itself 
and the more difficult its ions are to reduce. 

198. (lalvanic Cells. The disjJacement of metals by one another 
from solutions of their salts is the underlying y)rinci])le of most gal- 
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vani(^ eeJls, i.o., devices for changing chemical energy into electrical. 
Apart IVom their imj)ortance as sources of electric current, these 
devices are of interest to us at this juncture inasmuch as by measuring 
the elecdrojnotive force of each metal we can (^liaracterize its activity 
(puintitatively and thus establish its relative ])osition in the e.m.f. 
series. In order to understand this (juestion better we must first 
become axupiainted with the structure and o})eration of galvanic 
cells. 

If a metal is submerged in a solution of a salt of another metal, 
say. a zinc ])h\U) in a solution of IM)(N().j) 2 , elecd-rons will begin to 
pass from the zinc atoms to the lead ions owing to the direct contact 
i)etwcen the two. 1'he cliemical energy liberated during the reaction 
is in this case t r*ansfoi*med into thermal eiiergw How'cver, the inter¬ 
action can l)e accomplished between the zinc and the lead salt out 
of contact with one another, the only necessary condition for this 
being the ]>ossil)ility of ("lectri)ns ])assing from the zinc to tlu^ lead ions. 

Pour some Zn(N().j)o solution into one beaker and some Pb(N ().,)2 
solution into another. Dip a zinc plate into the first and a lead plate 

into the second (the latter only i>lays the 
])art of a conductor, and may therefore be 
substituted by a graphite rod). The solu¬ 
tions ill the beakers arc' (*onnected by means 
of an invert(‘d U-tube. tilled with a solution 
of some electrolyte, say KNOjj (Fig. l-S). 
Now. if the ])lates are connected with a 
metal wire an (‘lectric current will imme¬ 
diately arise, its direction indicating that 
the electrons are moving from tlu' zinc to 
the lead salt solution. At the same time, 
the zinc begins to dissolve, while lead is 
deposited on the lead plat(\ 

The purpose of the IJ-tube is to provide 
a fr(?e jiassage-way for the salt ions from 
solution to solution; otherwise the zinc salt 
solution would become' ])Ositively charged as a result of the Zn*' ions 
passing into it from tli? ])late, while the lead salt solution, from which 
IMi’ * ions are being removed, would accpiire a negatives charge. These 
charges would im])ede the movement of electrons from the zinc 
to the lead salt, and the reaction would cease. Obviously, as the re¬ 
action ])roceeds, the negative ions move towards the zinc and the 
f)Ositive towards the lead, maintaining electrical ecpiilibrium in the 
solutions. 

Thus, under the conditions set up in the above experiment, the 
reaction caused earlier by sim])ly dijiping a ])iece of zinc into a solution 
of a lead salt, now occurs remotely. The only difference is, that in 
the first case the electrons could pass from the zinc atoms to the 


e 



128. Apparatus fni- re¬ 
mote reactioji UelwcH'ii ziia* 
and lead salt 
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Pb‘ * ions when the latter (;oUided with the zinc snrfaee, so tliat 
tlie motion of the ele(*.trons was of an unorderly nature and the energy 
released during the reaction changed into thei*mal energy. Jn the 
latter case, however, by eliminating dire(;t contact between the zin(^ 
and the lead salt solution th(^ electrons were forced to ti-avel som(‘ 
distance through a wire to reach the lead ions, so that tlie unord(u ly 
movement of the electrons was replaced l)y a more or h^ss inbmse 
ilow of electrons, known as electric current. 

The ap|»aratus just described is a galvanic cell, in which the (chemical 
energy of an oxidation-reduction reaction is transformed int o (‘lectrical 
(‘iiergy. Its negative pole is the zinc and its ])ositive. the lead electrode. 
At the negative electrode zinc is oxidized: 

Zn - 2c -Zir* 

at the positive, lead ions are reduced: 

Pb- 1 2c - Pb 

Adding iij) these two equations we get the total ecpiation of the 
reaction taking |)lace in the cell: 

Zii4- Pb * -- Pb + Zir* 

or. in the molecular form. 


Zn f in)(X().02 -- i Pb 


Other galvanic cells are of a design similar to that described. 
Their negative electrode is always the more active metal, which yields 
its electrons to ions of the less active metal. 
tj*ansforming them into neutral atoms. In the 
(u)urse of o])eration of the cell the negative 
('lectrode gradually disappears, its substance 
])assing into solution as ions. 

Fig. 129 shows the co])])er-zinc cell familiar to 
most readers from the course of ])hysics. This cell 
consists of a co])per and a zinc jjlate immersed 
in solutions of the corresponding sulphates. 

The zinc su]])hate solution is contained in a 
])orous clay cylinder inserted in a glass jar 
liolding the co])])ei’ sulphate solution. The porous 
partition keeps the solutions from mixing, but 
at the same time allows the ions to pass freely 
from solution to solution when current is tapped from the cell. 
When the cell is working the following reaction takes place : 



Fijr. 129. (*('11 


Zn + (tr ■ -- Cu + Zn' 
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Sometimes tiie displacement of hydrogen from an acid by zinc, 
is utilized in galvanic cells: Zn - H.' — Zn -1 H 2 - 

The first galA^anic element, invented by the Italian physicist Volta, 
consisted of a zinc and a copjKT plate dipped into a solution of sul- 
])hiiric acid. If the ])lates of such an element are connected by means 
of a conductor, the ek^ctrons travel through it from the zinc to the 
copjjer. and from the latter are ti-ansferred to tJic hydrogen ions 
in solution. Avliich are thus dis(^harged. That is why hydrogen is 

liberated at the copper plate and 
jiot at the zinc. 

199. Mechanism ot Current Induc¬ 
tion in (Jalvanic Cells. Electrode 
Potentials of Metals. Several theories 
have been suggested to explain the 
induction of curnnit in galvanic 
cells. The simplest was suggested by 
the (Jerman ])hysicist Nernst (188S) 
aiul lat(^r elaborated by the Russian 
A(^ademician L. Pisarzhevsky on the 
basis of the conceptions according 
to which mentals are built u]) of 
])ositively charge^d ions and free 
electrons. 

L(‘v \'lti(liiiiin)\'ic‘h Pisarzh(?vsky was 
Ixn’Ti in 1874 in lh(‘ town of Kisiiinov. 
Aftor gradiiHting the Xatural Scif'noc 
DoparTinoiil of the Novorossiisky Univer¬ 
sity (in Odessa) L. Pisar/.lic^vsky was 
asked stay on at tlie University and 
later acc(^])t professorshij). In 1902 he 
got his Master's degree and in 1913 was 
appointt.'d Professor of tin? Kkat(‘rinosIav Mining Inst itute (in IIn('])roiJetrovsk). 
Ill 1930 Pi.sarzhevskv was tdeeled Member of the Aea<l(>my of Sciences 
of the U.S.S.H. 

A gn^at scientist and brilliant ttuie.her, Pisarzbe^vsky inadc; bold use of the 
aeIiie\'eiTieiits of physics for the study and (explanation of chemical jirocc^ssc^s. 
His most imjiortant works were devotcul to investigatiorm of peroxides and 
peracids, to the developriumt of the tlaMiry of solutions, to the appIi(^atiou of the 
('J(x;tron theory to chemistry' and the dexelopment of the theory of euiTent 
induction in ga]\anie c(‘lls. 

The theory of curi-ent induction is essentially as follows. If any 
metal is dipped into water, its ions begin to pass into solution, being 
attracted by the polar water molecules, l^his leaves an excess of 
electrons in the metal, which thus becomes negatively charged, 
while the solution becomes positively charged. However, the number 
of ions passing into solution from the metal, as experiment shows, 
is very small. The negative charge arising on the metal as the ions 
leave it, attracts those ions back again, so that very soon a state 
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of equilibrium is set up. where the number of ions leaving the metal 
]>er unit time equals the number of ions returning to it: 

metal metal ions 

(ill ftoliition) 

The ions which have ])assed into solution are not clistributcHl 
evenly through the bulk of the solution, but remain near the surface 
of the negatively charged metal, attrac^ted by the latter and forming 
a double electric layer (Fig. JIIO). As a result, a difference of potentials 
ai-ises between the metal and the solution. 

Now, suppose some salt of the metal subnuirgc^l is added to the 
wat(T. The increase in concentration of m(‘tal ions in the solution 
will disturb the equilibrium between them and 
the metal, and part of the ions will pass back 
into the metal. Therefore, the metal should send 
less ions into a solution of its salt than it does 
into pure water; moreover, the higher the con¬ 
centration of the ions in solution, the less of 
them the metal will emit. If the concentration 
of the salt is high enough, ions may not pass 
at all from the metal into the solution, so that 
neither tlie metal, nor tlie solution will be 
charged. 

Finally, if the concentration of the metal ions 
in solution is high enough and the activity of 
th(^ metal is com])aratively low, the metal will 
not only fail to send ions into the solution l)ut, 
on the contrary, some of the ions will pass from 
the solution into the metal. This will also 
result in a difference of j)otentials being estab- Fig. 130. 

lished between the metal and the solu- DcmOiIo ok^ttric layer 
tion, but now the solution will be charged 

negatively due to the excess of negative ions from the salt, while 
the metal will be charged positively. In practice, some metals (the 
more active) are always charged negatively in solutions of their 
salts, while others (the less active) are charged positively. 

It should be noted that when a metal is dipped into a solution 
of its salt, the quantity of ions passing into solution or deposited 
from solution is often so small that they cannot be detected by chem¬ 
ical means. However, the charge is large enough to create a measur¬ 
able difference of potentials. 

The theory described above gives a very simj)le explanation of 
the mechanism of action of galvanic cells. Consider, for instance, 
a copper-zinc cell (Fig. 129 on p. 497). In this cell a negative charge 
arises on the zinc plate submerged in the ZnS 04 solution and a positive 
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charge on the copper submerged in the (^uS 04 solution. If the metals 
are not connected to one another l)y a conductor, the appearance 
of these charges, as we have seen above, should immediately che(tk 
any furt her passage of zinc ions into solution and deposition of cop])ei‘ 
ions from solution. But if the ])Iates are connected with a wire, th(‘ 
electrons accumulating on the zinc will tlow continuously towards the 
co])j)er ])late wliere there is a shortage of them. Thus, the zinc is 
able to send more and more Zn' * ions into the solution, while (■u* * 
ions continue to be discharged at the copper ])late and to def)osit 
as metallic co])j)er. This process continues until all the zinc is dissolv(‘d 
or the cop])er salt is used up completely. 

In galvanic cells, the electrode which is used up during the o])eration 
of the cell by emitting ions into the solution is callenl the anode, 
and the electrode at which the ])ositive ions are discharged is called 
the cathode. 

A galvanic cell can l)e made of any two metals di])ped into solutions 
of tluur salts. There is no necessity at all for one of the metals to 
become negatively charged and the other ])Ositively. I'he only condition 
for the passage of elec?trons from one charged body to another is 
the existence of difference of potentials between them. Bui the latter 
should aiise, no matter which metals wv take, as the capacity for 
splitting off’ electrons and passing into ions is different in all metals. 
If, for instance, the galvanic cell is made of zinc and iron di])pt?d in 
normal solutions of their salts, both metals will be negatively charged 
in their solutions, but nevertheless, a definite difference of ])otentials 
will arise between them. If the metals are connected wit h a conductor, 
the electrons will ])ass from the zinc, the more acti/e metal, to the 
iron. The zinc will dissolve and the iron will deposit from solution. 
The reaction taking place in the cell can be r(‘|)r(\sented by the equation 


Zn f Fe* * -- Fe 1 Zn’ ' 


The difference of ])otentials arising betwe^en a metal and the solution 
of its salt is called the electrode potential of the metal and can serve 
as a measure of its capacity for yielding electrons oi', which is the 
same, a measure of its chemical activity during reactions taking 
place in solution. Therefore, if the potentials of all the metals wnth 
equal concentrations of their ions were measured, the activities of 
all the metals could be characterized quantitatively. 

Unfortunately, (linnet measurement of these values is very difficult 
and does not give exact results. This will be clear if it is remembered 
that a voltmeter, for instance, cannot be connected to the solution 
without di])})ing a metallic conductor into it. lint this gives rise to 
a difference of ])otentials betw'een the conductor and the solution, 
so that the e.m.f. shown by the voltmeter wnll depend on two differences 
of potentials, namely, on the difference of potentials between the 
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metal in question and the solution of its salt and that between the 
met*allic eonduetor and the solution. 


It is niueh easier to measure the difference of potentials (difference 
of' electron ]»ressures) between two different metallic electrodes diy)ped 
into solutions of their corresponding salts, i.e., to find out how much 
the potemtial of one of the metals is greater or smaller than that 
of the other. Tf the relative |)otejitials of all the metals are thus meas¬ 
ured bv comparing tluur ])otentials with that of one of them, used 
as a standard, the resulting values can characterize the activity of 
the metals just as well as the absolute values of their potentials. 

The accey)t(^d standard electrode with which the y:»otentials of all 
the otlier metals are comy)ared. is known as tlu^ iiorinal hydrogen 
electrode. The latter consists 


f a ydatinum yilate (^oatc^d 
with a thin layer of tinely 
divided sy)ongy ydatiiiiim 
and submergc'd in a binormal 
solution of sulphuric* ac*id. A 
cuiTcnt of yiure hydrogen is 
])assed (continuously through 
the solution undeer a ])res 
sure of 1 atm. Coming into 
c.ontact with th(‘ yilatinum. 
th(‘ hydi’ogen is absorbc'd 
by it to a considerable 



degree. A ])latinum plate Fi^. 131. Apparatus for uioasurinj’: nonnal 
.saturated with hydrogen l)otPutiHl of a incnaJ 


behaves as if it were made 


entirely of hydrogen. When it is in contact with the sul])huric ac*id 
solution, a dc'tinite difference of ])otentials (the ])()tential of the 
hydrogen eleedrode) arises, this value being acceyded as the zero 
ytoint when measuring relative potentials. 

The difference of y)otentials between a medal in a solution of its salt, 
(containing 1 gram-ion of the midal ])er Jitie, and a normal hydrogen 
(dectrocie, is called the iiorinal poteiifiul ol* tln^ metal. 

Normal y)otentials are usually measured with the aid of arrange¬ 
ments similar to t hat shewn in Fig. 131. This arrangement is essentially 
a galvanic cell, in wdiich one of the electrodes is the metal under 
test, and the other, a hydrogen electrode. As the ]:)otential of the hydro¬ 
gen electrode is assumed to be zero, the electromotive for(M> measured 
between the ])ol(\s of such a cell is the normal j>ot(mtial of the metal. 

Table 27 shows the normal yiotentials of the most imy)ortant metals. * 
They are written with a minus sign wdien the yiotential of the metal 


* Some of lh(!m, sucdi as f lu* normal ])oteTitials of K, Na, (Ai, cannot b< 
measured dirc'ctly, hut an' calcMilaled by indinn*! methods. 
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is smaller, and with a plus sign if it is higher than that of the hy¬ 
drogen. 

If the metals, including hydrogen, are written out in order of 
decreasing ch^ctronic pressures, i.e., decreasing negative (and increasing 
positive) normal potentials, we get the same e.m.f. series as that 
shown on ]). 404. 


Norm 111 PoleiiUals ef Molals 


Motal 

] wti 

l*ot.outial, 

V.)ltS 

Al.'lal 

loll 

Pnh'iitial, 

\()I1.S 

! 

K ! 

Iv 

2.92 

Ni 

xi • ■ 

0.23 

( 1 

Ca ■ ■ 

2.S4 

Sn 

Su’ ‘ 

0.14 

Xii ^ 

Xa ■ 

2.71 

rh 

1M> • ■ 

-0.120 

Mu 

M« ‘ 

2.:is 

!l_, 

J1 

0.000 

Al 

Al ■ ■ • 

-- l.fiH 

i'u 

(*ii' ' 

o.:m 

Mti 

Mu * ' 

1.05 

Htr 

11-/ * 

. 0.70S 

An 

Zji' * 

0.7 03 

Au 

‘ 

0.700 

1-r 

K<‘ * ' 

- 0.44 

Au 

Au • ‘ ‘ 

1.42 


Knowing tlu^ noi'inal ]K.)teiitial of tlu^ molals, we can easily (letermin(‘ 
the electnnnotive force of any cell consisting of two fiu^tals dipped 
in solutions of their salts. For this it is necessary only to find lh(‘ 
differeiHte of the Jiorinal ])otentials of the metals in (jnestion. 

For tlie electromotive force to have a ]K)sitive value, the smaller 
pottmtial is alvays subtracted from tin' larger. For instance, thc^ 
elect!()i]iotive force of a co]>per-zinc cell is: 

e.m.f. — O.JU (—0.7()3) I.HKt volts 

Of (course, this will be the correct value if th(^ concentrations of 
Zir ‘-ion and (!n’ ' -ion in the corresponding solutions ecjual 1 gram-ion 
per litre. For other coiuTutrations the ])otentials f)f the mt^tals, and 
therefore the electromotive foi*ce values. (;an be determined })y tlu^ 
following formula d(u*ived by Nernst: 


K-E, 


O-O-W 

//. 


l(.»g c 


wlierc E is the ])otential of the metal with the actual concentration 
of its ions; E^, its normal potential; w, the valency of the metal 
ions; c, the concentration of these ions in the solution, in gram-ions 
per litre. 
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For instance, the j)otential of zinc in a 0.001 M solution of its 
salt equals: 

E —0.703 f log 10 ^ —0.<So volt, 

the potential of a hydrogen electrode in a neutral solution, where 
IH * J - 10 ", will be —0.41 volt, etc. 

Jn (toiistructing galvanic cells, oxidation-reduction reactions other 
than the displacement of metals by metals are often used, sometimes 
with the participation of non-metals. The normal ])oientials of soTne 
of the non-metals liave also b€>en determined, liut the e.m.f. series 
of non-metals has been established far less completely than that of 
metals. Ily way of illustration, the normal ])otentials of the halogens 
are {ziven bivlovv: 

F/K' a/(T llrBr' I/l' 

I :>.S5 --1.30 1.07 -0.54 

200. Corrosion ol‘ Metals. The surface of almost any metal begins 
to decay more* or l(*ss I'apidly when it oonu^s into eonla(*t witb the 
gaseous or li(|uid medium surrounding it. Tliis is duo to ehemieal 
interaction between the metal and the gas(?s contained in tlie air, 
oi* tJie water and th(‘ substances dissolved in it. 

Anf/ ]tr<)r(\ss of chemical decay of vidah due lo the aetiou of the sarroaud' 
imj medium is called corrosion. 

The sim])lest ease of corrosion is that \vhi(*li occurs when metals 
coiiu' into eontact v itli gases. 11ie surface of tlu^ mel-al l)eeomes coated 
with the corre?s]X)nding com¬ 
pounds, namely, oxides, sul 
phides. basic carbonates, whiel) 
often form a compact laycn* 

])rotccting the metal fiom fur¬ 
ther attack by the gases. 

It is dilferent when the 
metal is in eontact with a 
liquid medium, say water, and 
the subslaiiees dissolved in it. 

The com])oimds formed in this 
case may dissolve, allowing corrosion to penetrate farther into 
the metal. Bedsides, water containing dissolved salts is a conductor 
of electric ciiri*ent; this promotes electrochemical processes which 
are one of the main causes of rapid corrosion. 

In most cases pure metals are hardly attacked by corrosion. Even 
such a metal as iron hardly rusts at all if absolutely pure. Ihit ordinary 
technical metals always contain various impurities, this promoting 
corrosion. 



Fig. 132. Diiigmin of corrosion of aln 
luiniuin in coiitH(*t with copper 
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To coiii})reluMi(i why ini])iirit.ies influence tlie eorrosion of inetaLs. 
consider what hajijiens when two different metals come into contact 
A\ ith one another in moist air. 

Suppose, for iiistan(*e, wo have an aluminium rivet in a sheet of 
cop[)er (Fig. K^-). As all solids adsorb moistiu’c from the air on their 
surfaces, the surface of the metals in (|uestion will also be coated with 
a very thin film of water. But water, as we know, ioni/es, albeit in¬ 
significantly. into H‘ and OH': besides, the carbon dioxide dissolved 
in the wat(‘r forms carbonic acid, which ioni/es according to the 
equation: 

H* i 

Thenefoie the eo])|)er and the aluminium are, in a sens(‘, immcTsed 
in a solution containing the ions H*. OH' and HOO'.j. This is a gal¬ 
vanic cell, in which aluminium acts as the negative^ (‘l(‘ct rode and co])])er 
as the positive. Owing to the close contact between th(‘ metals, the cell 

is sh()it-cii-euit(Mi and is thus hi continuous o|>eration: the* • '... 

keeps emitting ions into the solution, the exc(\ss (‘le(‘trons passing 
over to the co])j)er on the surface of which th(\v discharge hydrogen 
ions. In the solution the Al* * * ions combim^ with the OH' ions form¬ 
ing Al(OH).j. Avhich sej)arates out at the surface of the aluminium: 

2 \] V)c .. 2AI • 

0 H* () c~ - Ho 
i>Ar - bOH'- 2 Al(OH), 

Thus, the aluminium corrodes quite ra|)idly. 

The cori’osion of iron in contact with som(‘ less active metal, say. 
also with copper, is somewhat more complicated. The iron emits 
bivalent F(‘'* ions into solution, and these ions, combining with 
liydroxyl ions, turn into Fe(OH)o. At the same tiuK^ the electrons 
pass from the iron to the copper, discharging Ivydrogen ions at its 
surface. 

]n the presence of atmospheiic oxyg(‘n and watei* Fe(()H )2 
oxidized into fcTric hydroxides F(‘((>H) 3 , forming rust: 

4 Fe(()H), -I 2 H,,() d ()., - 4 Fe(()H )3 

In tlie ab()V(‘ cas(‘s the aluminium and the iron corroded owing to 
contact with a less active metal, namely, copper, 'fhe various impuri- 
ti(\s always j>r(‘sent in technical metaJs act like the cojiper above and 
])romote corrosion. For instance, if ordinary steel is investigated under 
the microsco])e, it is found to consist of tiny grains of ])ure iron inti¬ 
mately intermixed Mith grains of iron carbide, or cementite, Fe-jf^ and 
otlnn* impurities. Thus, an infinite number of galvanic couples are 
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set up, the eenientite grains acting as positive and ilie iron grains as 
negative electro(ies. Wlien the steel comes into contact with moist air. 
galvanic currents arise, causing corrosion. Impurities ])r()mote the 
corrosion of other metals in a similar way. 

Tlie corrosion of aluminium, zinc, iron, and, in general, metals 
situated above hydi’ogcn in the e.m.f. series, reduces essentially to tin* 
disyilacernent of hydrogen ions from solution and the yiassage of the 
metal itself into solution as ions. 'Fhc accelerating 
influence of conta(;t with a less active metal in such 
processt^s can be illustrated graphically by the* fol¬ 
lowing expei’iment. 

1'hrow^ a yiiece of chemically pure zinc into a test 
tube containing a dilute ac‘id solution. Almost no 
hv'drogen will he observed to form. TIk^ absence of 
any reaction is due to tlie fact that as the Zn* ‘ ions 
begin to pass into solution, they liecome hydrated 
and form a film of positively charged ions around 
the* zin(\ This tilin prevents the hydrogen ions from 
coming into contact with the zinc surface and 
re(‘(‘iving eka'trons from it, as a result of which the 
zinc sto])s dissolving. Hut if the surface of the zinc 
is just touched with a platinum or cojiper wire, a 
galvanic coujile arises, and hydrogen immediately 
begins to come away vigorously from the f^urfuvv of 
the wire. 'I'h(‘ (hudrons yiass from the zinc to tin* Ki.u.l33.Diss<.»K- 

platinum (or the copper) and from it to the hydrogen cheim- 

jons, while the zinc gradually dissolves, emitting more jidds in (‘ontact 

and more ions into the solution (Fig. witli cojipri' or 

The same effect is observed if a few drops of co])])er j)latiiniin 

sulphate solution is added to the acid. The zinc 
dis])lac(^s the cojiyier and its surface becomes coated with a loose 
layer of metallic co])])er. The result is a galvanic zinc-copper couple 
winch acts like in a voltaic cell. For this reason, ‘‘copper-plated" zinc 
disj)laces hydrogen vigoroush' from the acid, but the hydrogen is 
liberated at tlu‘ surhice of the copj^er, not of the zinc (Fig. 134). 

Ordinary commercial ziiu^ containing imjiurities, behaves in a sim¬ 
ilar way. 

Other factors besides impuriti(>s influence the rate of solution of a 
nudal in an acid. These are the structure of the metal, its mode of 
tr(^atment, t he jii’oyierties of the acid, etc. Hut in all caises the rate of 
dissolving can be slowed down by adding certain substances to the 
acid; these substances are mainly organic and are known as inhibitors 
(corrosion decelerators). 

The action of inhibitors is sometimes so effective tliat some metals 
and alloys be(;ome practic’.ally insoluble in acids to which the corre¬ 
sponding inhibitor has been added. 
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While slowing down the dissolving of the metal, inhibitors do not at 
all influence the rate of dissolving of metal oxides, hydroxides and other 
substances. Therefore the addition of inhil)itors makes it ])ossible to 


use acids for cleaning the surface of a metal from the compounds 
coating it (for instance for removing rust from iron, or scale from boiler 
walls) without hardly aflecting the metal itself. 

As the elements are arrangecl in the e.m.f. series in order of decreas¬ 
ing activity, it might be ex])ected that the higher up an element is 
situated in tins series, the more easily it will corrode. Actually this is 
not always the case. For instame, aluminium. 



which is near the top of the series, resists 
atmospheric corrosion cpiite eftectively. This 
stability' is due to the formation on the surface 
of the aluminium of a thin but very dense and 
elastic tilni of aluminium oxide which severs 
th(‘ contact between the aluminium and the 
surroundings. Indeed, if this tilin is destroyed 
in any way, very rapid corrosion sets in. 

Cl(‘an an aluminium plate thoroughly with 
emery-paper and moisten it with a solution of 
cori'osive sublimate Hgdo. The aluminium 
displaces the niercurv and forms an alloy with 
it, a mercury amalgam, wliich j)revents the 


I)ia<Maiii of Ibjiuation of the ])rotective lilm. Therefore. 
f-<)ppt‘r-piiii(Ml /inc (lis- il’ such a ])late is l(d’t in tlie air, it rapidly 
solviugill sulphuric acid liecomes Coated with loose flakes of aluminium 


hydroxide, th<‘ corrosion ])r()duct of aluminium. 
In this case the contact between the alumininm and the nuMemy. 
a nu'ta] of low' activity, also ai^celerates corrosion. 


Of course*, tlie layer of oxide or any other eompound coating the 
surface of the metal can scTve as a ])rotective him only il’ it is dense 
and strong enough ajid insoluble in watei’. Otherwise it will not pre¬ 
vent corrosion. For instance, rust a])])earing on iron does not by any 
means ])rotect it from further corrosion, ixHtause the rust layer is 
v(^]*y loose and brittle, and adheres weakly to tfie surface of the metal. 


Siibst 4 mc(‘s pi’diiinliii^ (orinalioji of a jirolcclivc film on a m<dul an- 
kiKuvii as j)(isslrlzfH<f mjrntH. Slroii^ oxidiuits can si*rvc as passi\'izin^ agents 
tor most m(‘1als. .A good passivi/.ing agent for iron is also OH'-ion. 

As was stall'd aliovc (see }). 376), many (|uile active metals luH'omc passive* 
uftia* bi'ing treated witfi concentratcMt nitric acid, dia^ to tb(? formation (if a 
very tliin in\'isibt> film of oxide on surfaei* of the rneial, j^reventing further 
oxidation. 'ITu* ('xistenei' of such oxide films has f>een ])rov('d by various methods, 
namt'ly, polari/ation of reflecttul light. X-ray methods, etc. 

1’he oxide film theory was diweloped in detail at th(j ]>eginning of the presi^nt 
(Maitury by V'. Kistyakovsky (1865-1952) who.se works wi^re of great importance 
Ibr corrosion ])rev(*ntiori. 

Certain snhstane<>s di^stroy or weaken the ])rote(dive film of a metal and 
t hus promote corrosion. vSueh substances are called iir 
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'rho most powerful aetivizer for rm).sl metals is Cl'-ioii. ra])id destru(^- 
tioii of the iind(*rwater iiK^tallie jjarts of sea vessels is due mainly to the presence 
of Cl'-iou in sea water. A very powerful aeiivizer for most riKdals is hydro^cai- 
ion. Oxyjjen <lissolv('d in water al.so greatly ac.t^elerates e.<:)rrosion by bindinj^ 
the primary reaction prodiKits {e.j^., by oxidizing FelOll)., into Ke(()H )3 in 
the (rase ol‘ tht; corrosion of iron) ajid tlius eliminates the possibility of tht' 
rcrvers(‘ r('actiou. 

The losses due to the corrosion of metals are tiemendous. It lias 
fieeii calculated, for instance, that the amount of ii’oii destroyed each 
year by corrosion equals about one (piarter of its annual world pro¬ 
duction. That is why the study of con*osion processes and tlie search 
for tlie best means of its jirevention attract so much attention. 

Very divcTse methods are used to combat corrosion. The simplest 
of them consists in jirotecling the surface of the metal from direct 
(routact with the surroundings liy coating it with oil paint, varnish, 
enamel or a thin layer of another metal. Of especial interest from a 
theoietical stand[loint is the coating of one metal with another. Let 
us see the result it leads to. 

Since corrosion always begins at the surface' of the metal, the object 
will behave as if it consisted entirely of the protecting metal as long 
as the protect ive layer on the metal is intact. But if scratches, cracks, 
etc., ap])('ar in the ])rotective layer, baring the surface of th(^ metal 
protectc'd. (jonditions favouring corrosion arise immediately at these 
])oints. Howev(‘r, the course of the corrosion may vary, dejiending 
on the relative positions of the metals in rpiestion in the electrochemi¬ 
cal S(Mies. 

Let us lir.st consider the case of what is known as a cathode coating, 
M'hen the])rotectingmetal is situated below that protected in the e.ni.f. 
series. A ty])ical example is the (*orr(Xsion of tin-plated iron (w hite tin). 
Tin itsc'lf is very stable and protects the metal effectively as long as 
its coating on the iron is intact. If the ])rotective coating, however, 
loses its integrity and the bared sjiot comes into contact with moisture, 
a galvanic couple aristas, in which the tin serves as the ])Ositive elec¬ 
trode (the cathode),* and the iron as the negative electrode (the 
anode), 'fhe electrons tlo\v from the bared surface of the iron to the tin, 
where tboy discharge hydrogen ions, while the iron decays, sending 
more and more ions into solution (Mg. 135a). Thus tin-plated iron 
rusts much more ra])idly wliere the protective coating is injured, 
than unplated iron. 

* W(? ivniiiid Hr* rcadrr that the eloclrode front winch ])usitively (*luirgt‘<l 
ions come away during the? operation of the galvanic (*(*11, is called the anodv, 
while iluit towards w’hich po.sitively charged ions inox^e and wdiert* they are 
discharge^d, is (tailed the cathode. 

It shoidd bo noted that thc'sc^ names of the electrodt's ar(> in no coniuxdi oil 
witli their signs; in the case of galvanic cells the anode is a negative (*l(x*trode 
and th(^ cathode a positive, wdiiie in cl(?ctroJysi.s, on the contrary, the cathode 
is th(? negative electrode (t^is it is eonneeted to the n(gativi> polo of Hu* current 
source) and the anode is the positive electrode. 
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Corrosion takes an entirely different course if the j)roteeting metal 
stands higher in the e.m.f. series than the metal ])roteeted, e.g., zinc-plat¬ 
ed iron (anode eoating). In this case, if the protective layer is injured, a 
galvanic couple also arises, but here the iron serves as the cathode 
and zinc as the anode, so that electrons })ass from tlie zinc to the 
iron: as a result, the zinc decays while the iron remains intact (Fig. 
I,‘k5b) until the entire' layer of zinc has decayed, which re(|uires quite 
a length of time. 

It is cl(‘ar from the above that to ])rote(^t a metal from corrosion it 
is better to (ioat it. with a more active metal than witJi a less active. 
However, other considerations often make it necessary to use (coatings 
of less active metals as Avell. 

In ])ractice it is mostly necessary to take measures foi- the jwoU'ction 
of iron, as a metal esfiecially subject to corrosion. Hesidt's zinc, one 



Fi^. KL5. Diagram of corrosion 
(I —iron; h ^iilvani/.od iron 


of th(^ more active metals used sometimes for this purpose is cadmium, 
the action of which is similar to that of zinc. Of the l(\ss active metals, 
tliose used most frecpiently for coating iron art' tin, co])])er and nickel. 

Iron objects plated with nickel have a beautiful tinish, which 
accounts for the wide use of nickel |)lating. 

If the nickel film is injured, corrosion takes place less intensively 
than in the ease' of co])])er (or tin) plating, as the dilhueiice of })<)- 
tentials for the couple Jiickel-iron is much lower than for co])per- 
h'on. 

Another notew orthy nu'thod of corrosion prevention is the protector 
method, which consists in liringing the metal object to be protected 
into contact Avith a large sui l'ace of a more active metal. For instaiu^e, 
zinc sheets an^ [)laced in steam boilers in contact with their walls to 
form galvanic c(‘lls for this ])urj)()se. 

2(M. Kxiraefion of Metals from Their 0r(‘s. Tlu^ great majority of 
metals occui- in nature as (compounds Avith other elements. 

Only a fcAV metals are found in the free state, in wdiich case they are 
called native metals, (jlold and platinum are found almost exclusivt^ly, 
and siK'er and co])per ])arlly, in the native state; sometimes mercury, 
tin and other metals are also found iiaiiA-e. 

Oold and platinum are extracted by mechanical separ-cation from 
the gangue in Avhich they are embedded, for instan(;e, l)y Avasliing wuth 
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water or by dissolving with various solvents, followed hy })recif)itation 
from the solution. All other metals are e.\tra(ded by ehemical treat¬ 
ment of their natural compounds. 

Minerals and roeks containing compounds oi‘ metals and suitable 
for the commercial extraction of those metals, are called ores. The 
most imjiortant. ores are the oxides, suljihides and (%‘irbonates of 
Tuetals. 

'J'he extraction of metals from their ores is tlu^ task of iHefallHnft/. 
one of the most ancient branches of the chemical industry. 

Rfduciion of nutUds from fheir ores irith carbon. The most im|)ortant 
method of extracting metals from their ores is based on the reduction 
of tluur oxides with coal or coke. 

If, for instance, red copper ore is mixed with (H)ke and heated 

strongly, the coke will reduce th(> cop}>er, itself being converted to 
carbon dioxide, while the cop})er is evolved in th(‘ molten state: 

CiuO + C - 2C\i I CO 

A similar method is used to smelt pig iron from iron ores, to firoduce 
tin from tinstone, SnOg, and to reduce other metals from their oxides. 

In treating sul|)hide ores, the sulyihides are tirst converted into 
oxides by roasting in special furnaces, after which tlie resulting oxides 
are reduced with coal. For example: 

2 ZnS -f 3 O 2 - 2 ZnO |- 2 SO^ 

ZnO i (^:-Zn + CO 

When the ore is a carbonate it can be reduced directly with coal 
just as oxides are, because (carbonates, when heated. decomy)ose into 
the metal oxide and carbon dioxide. For example: 

ZnCOa - ZnO + CO. 

Usually, besides the chemical com])ound of the metal in question, 
oiH's (contain also many impurities in the form of sand, clay and lime- 
stoTie, which are v(Ty difficult to melt. To facilitate melting of the 
metal various substan(;(>s are added to the ore to form fusible com- 
])ounds, known as slags, with the impurities. The substaimes added 
for this ])urp()se are called lliixes. Jf the im])urity consists of limestone, 
the flux is usually sand, which forms calcium silicate with the lime¬ 
stone. On the contrary, if the ore contains a large amount of sand, 
linu'stone is used as the flux. 

Jn some ores the content of impurities (gangue) is so high that it is 
not economical to smelt the metals from them directly. These ores 
are preliminarily "concentrated,” to remove part of the imjiurities. 
l^syHMcially widesy)read is the method of ore concentration known as 
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flotation, which is based on the difference in the adsorptive pro])erties 
of the pure ore and the pure gangue. 

The techni(pie of flotation is cpiite simple and (consists essentially 
in the following. The ore, constituting, for instance, a metal sulphide 
and a silicate gangue, is finely ground and mixed with water in large 
tanks. A certain slightly polar orgtanic substance, such as pine oil, 
is added to the w^ater, to promote the formation of a stable froth, 
'fhe w^ater is stirred, atid a small cpiantity of a special reagent called 
'collector'’* is added, tlu^ lattcT being adsorbed readily by the surface 
of the mineral to bt^ floated and making it water-repellent. Then 
an intense stream of air is ]>assed through the mixture from below’, 
promot ing agitat ion of the ()re w ith the w ater and the reagents added 
to it. The ])articles of the mineral to be floated become coatcHl with 
an adsorbed film of collector molecides, adhere to the air bubbles, 
rise together w ith them to the surface and remain tliere entrap])ed in 
the froth; the gangue particles, on the other hand, being water-avid, 
remain in the pulp. The froth is collected and dewatered, the resulting 
concentrate containing a much higher percentage of the metal than 
the ore. 

Beduction of metallic oxid(\H irith ahiminium. Lately aluminium has 
found Avide application for the reduction of certain metals from their 
oxides. Its application is based on the fact that much nioie heat is 
liberated during the combustion of aluminium than during the com¬ 
bustion of many other metals. For example, the formation of one 
gram-molecule of AI 2 O 3 is accompanied by the release of IVXi Cal.; 
the formation of one gram-molecule of FcgO^- by only 195 (jal. But 
it was stated above that th(^ decomposition of a compound requires 
the expenditure of the same amount of energy as was liberated during 
its formation. Therefore if a mixture of iron oxide and aluminium is 
ignited, the iron will not only be reduced, but a large excess of heat 
w^ill remain as well, this excess equalling 393— 195==^ 198 Cal. per 
gram-molecule of aluminium oxide formed. 

The reaction invoh^ed can be expressed by the equation 

2 A1 -i- Fe./);, - 2 Fe -f AI 2 O 3 } 198 Cal. 

The reaction is usually carried out in a limited space and at a very 
fast rate, so that the temperature of the mixture reaches 3,500° C. 
At this temperature the iron melts, and the aluminium oxide floats as 
a slag on the surface of the molten iron. 

This reaction, discovered by N. Beketov, is widely used for the 
j)roduction of many refractory metals, such as chromium, manganese, 
vanadium, etc. 


* X’arious substancu^s may be us«jd as collectors. Some gcKxl collectors arc, 
for instance, higluT fatty acids and their salts (soaps). 
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The reduction of metal oxides with aluminiuin is known as alumiiio- 
Ihermy. 

A mixture of magnetic iron oxide FC 3 O 4 and aluminium, knowji as 
thmaU(\ is used in practice for welding iron objects, for instance, 
tramway rails. For this i)urpose, the ends of the rails to be joined 
are enclosed in a housing of a refractory material haA'ing the shape 
of the rail, and the molten iron obtained from the thermite is poured 
into it. At the Jiigh temperature achieved the ends of the rails soften 
and are Avelded or soldtTed together by the liquid iron. 

Another im])ortant method of jnmlucing metals, beside^s reduction 
with coal and aluminium, is electrolysis. Some of the more active 
metals can be obtained only by electrolysis, all other means not 
being j)ot€uit enough to reduce their ions. 

20 ‘ 2 . Kleetrolysis. Flectrolysis is the chemical jnocess A\'hieh takes 
place when an electric current is ])assed through a solution of electro¬ 
lyte or through the molten electrolyte. Wheji an electric current 
passes throufjh an eledrolyte ffolntion, the |)Ositive ions move towards 
the cathode, and the negative towards the anode, where they are 
discharged. The resulting neutral atoms and atomic groups either 
separate out of solution or react with each other, lV>rming what is 
known as ficconclary electrolysis products. 

In considering the mechanism of electrolysis it must not be forgott en 1 
that besides the ions of the electrolyte all aqueous solutions contain 
also H ’ and OH' ions from the water. These ions migrate in an electric 
field just like the electrolyt/C' ions, the hydrogen ions moving towards 
tlie cathode, and the hydroxyl, towards the anode. Thus, tw^o kinds 
of ions can be discharged simultaneously at the cathode, namely, 
the positive electrolyte ion (usually the metal ion) and the hydrogen 
ion from the water. Whi(?h of them w ill actually be discharged depends, 
above all, on their relative position in the e.m.f. series, then on the 
concentrations of the ions, and, in some cases, on the material of the 
electrode at which they are discharged. (Generally, the more easily 
a metal yields its electrons, the higher its negative potential (in 
absolute value), the less readily its ions are discharged. Hence it 
follows that, other conditions being equal, gold ions and ions of 
other metals of low activity should be discharged the most readily, 
and the ions of metals at the top of the e.m.f. series, the least readily. 
As the ion of any metal below hydrogen is more easily discharged 
than the hydrogen ion, the electrolysis of salts of copper, mercury, 
etc., will lead to deposition of the corresponding metals on the cathode. 
Ions of metals above hydrogen in the e.m.f. series are discharged 
less readily than hydrogen ions, and the farther away they are from 
it, the more difficult they are to discharge. Therefore, when the 
salts of the more active metals, sodium, potassium and calcium, 
as w^ell as magnesium and aluminium, whose electrode potentials 
differ greatly from that of hydrogen, are electrolyzed, almost ex- 
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(jliisively liydrogeii ions are discharged, and gast^oiis hydrogen is 
liberated at the eatliode. As more and more hydrogen ions are dis¬ 
charged, larger and larger quantities of water molecules ionize, as 
a result of Avhich hydi*oxvl ions aceiimulate at the cathode, and 
the solution becomes alkaline. A different thing happens when salts 
of the less active metals, situated above hydiogen, such as zinc, 
iron, nickel, (dc., are electrolyzed. Although theoretically hydrogen 
ions heie too should have l)een the first to be diserharged, practically, 
tla' metals are deposited at the cathode. I'his a|)]>arent contradiction 
is due to the insignilicant concentration of the hydrogcui ions (in 
comparison with that of the metal ions) and the specific influence 
of the substance of the electrodes, which gjcatly impedes the discharge^ 

Now let us see what happejis at the anode. The negative ions 
of the electrolyte and the hydro.xyl ions of water move towards it. 
Jf the negative ions do not (umtain o.wgcn, as for instance (1', Br', 
S" ions, these ions, and not the hydroxyl, arc discharged, as the latter 
give u]) their charge with much greater difficidty. with the result 
that chlorine, bromine or sulphur are liberated at tlu* anod(‘. If. 
however, the negative ions contain oxygen (SO,,". NO./, etc.), gaseous 
oxygen is liberated at the anode. In these ceases the hydroxyl ions 
of water are evidently discharged more readily than the ions of the 
acid radicals. 

When hydroxyl ions are discharged, they tui*n into neutral OH 
grou|)s, Avhich cannot exist in the free state and immediately change 
into water molecules and oxygen: 

4 OH' — 4 c 2 H 2 O I O, 

Therefore, the reason for the liberation of oxygen is the discharge 
of hydroxyl ions. As more and more of tlu^ latter are discharged, 
larger and lai’ger quantities of water molecuk^s ionize, and hydrogen 
i(ms accumulate at the anode. 

Let us (consider several typical cases of ekicf rolysis. 

1 . FAectroljisis of .solvfion. 11ie solution contahis Ou'* and 

(T ions and insigniticant (piantities of H* and OH' ions from the 
water. When curient is ])ass(Kl through, tlie co|)per ions move towards 
the cathode and the chloride ions, towards the anode. Ileceiving 
two electrons (\‘ich from the cathode, the Cu' ' ions turn into neutral 
atoms w hich separate out of solution. The cathode gradually becomes 
coatc^d with coj)])cr. At tlie same time, when t he (,T ions reach th(^ 
anode, they yield their electrons to it and turn into chlorine atoms 
which combine into ]>airs to form (’I 2 molecules, (-hlorine is liberated 
at the anode. 

* 'rh(*s(' ])r()hl('ms nre dealt with in greater dc'tail in special t('\l bonks. 
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Schnmo of Elootrolysis of (!iiCl.^ Soliiiion 

CiifM.. 

(’a.th()(l(^ (hr ‘ 2 iV - - Aiunle 

Cir • ! 2r” (!u{ 2('l' 2r 2( 

2(1 ( 1 ., 

IvediR^tioii takes ])laee at the cathode, and oxidation at tl)e anode. 

2 . Kkctmlj/sis of soliiiion. The solution contains K' and 

804 " ions, as well as the hydrogen and liydi’oxyl ions of water. As 
the ])otassiuni ions are more difficult to discharge than the hydrogen 
ions and the HO,," ions more difficult tlian the OH' ions, the passage 
of current leads to the discharge of hydrogen ions and liberation 
of hydrogen at the cathode and to the discharge of hydroxyl ions 
and liberation of oxygen at the anode. 


Soheiuo <»f Electrolysis of KJsO^ Soliithui 
K.,S 04 

(hithode < 2 K' SO 4 '' > Anode 


2 HoO ^ " 


2 K- 
2 011 ' 

| 2 H- 

2 H • I 2 r, - 2 H 

2 H -> Ha 


SO. 


'4 

2 H- 


72:2H,0 


2OH' I 
2 011'-- 2( - H„0 H O 

2 0-> (Jo 


"I'hus, electrolysis of a K 5 JHO 4 solution docs not lead to the discharge 
of either of the ions of the dissolved electrolyte, but only to the 
d(‘(?omy)osition of water. At the same time, owing to the discharge 
of the hydj’ogen and liydroxyl ions of water and the continuous 
movement of K’ ions towards the cathode and 804 " ions towards 
the anode, a solution of alkali (KOH) forms at the cathode and a 
solutioJi of acid (H 2 HO 4 ) at the anode. 

Decomposing an (’](H^trolyto r(‘qniros a certain (l(*rinitc minimum voltage, 
(•alNul the decompotiition patcnlial of the electrolyt*?. For instaTice, if two platinum 
(‘l(H;tro(les are (lij)ped into a solution of ciij)rie chlorick' CutM^ and a (lifferenee 
of potentials of 0.8 volt ap])li(*d to them, current will at first begin to pass 
through the solution, but then will rapidly become weaker and will finally stoj> 
altog(jther. The reason for the (;essation of the current is the accumulation 
of copper* on one electrode and chlorine (adsorbed by the platinum) on the 
other, giving rise to a new cell, composed of co})per and chlorine in a solution 
of their ions, which generates current in the niverse direction. This phenomenon 
is known as electrode polarization, and the electromotive force of the cell thus 
formed is ealled the polarization e.m.f. Its value for a molar solution of CufM., 
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ojiii Piisily b(> found from tlio table' of normal potentials by subtracting the po¬ 
tential of copper from that of chloriiK*: 1.36 0.34 1.02 volts. 

01)viously, lo kec]) up electrolysis, a difference of ])otentials must b(' applied 
to tlie electrode's from the* euitside of not less, and even more, than 1.02 volts, 
in or<l(*r to o\e'r<*ome' the* polari/atiem e.iii.f. This value* is the* de*e*omposition 
pote'iitial of t he* e*lt*e*trolyte‘. Freein the‘abe)ve it iscl(*arthat to find it, the* potentieil 
nf the substance^ libe‘7‘ate*d at the* e*a.the>elee must be^ subt reicte'el from the pe)te*ntisd 
of tlie s«d)statu*e libeM*ate‘d at tlie? anoele*. 'rhus, the* ele*e'e)m])ositiem pe)te*ntial of 
CutMj in me)lar sedution e^epials 1.02 volts, the el(*ce)mf)e»sition ])e)te'ntial of ZnCL, 
uneler the* same conditieuis e*ejuals 1.36 {0.763) 2.123 volts, e*tc. 'The* 

<ie*(*om]H)si1 ion ])ote*ntials e)f oxyae*ids anel alkalis in normal solution are* ahnost 
ide‘nti(*al (about 1.67 volts), as in all l]ie*se e*ase‘s the* s'lme* ions are^ elise*harjj:e*d. 

If diffe*re*nt e*ations anei afiions are pre‘se*nt simultaneeaisly in the* .solution, 
e‘le'e*trolysis will set in wheui the seiltage* is high e*nough to elise-harge* one e)f the* 
type's e)f cations anel anioiLs pre^se*nt. For this reason, ele*ctre)l\’sis is oft e*n e*mple)ye*el 
ill analysis for .separating metals frenn erne anothe*!*. Fe»r in.stane*e*, at a xeiltage*, 
.say, of 1.2 volts only e*(»ppeM* will be* elepe»site*el fre>in a solutie)n. ceintaining Cut.’l^ 
and /nCl.j, but not zine*, as the ele'e*e)mpeisitiem ]iotential ofZnfMo is much higlu'r 
than 1.2 \e>lts. 

Ill the above examples of electrolysis the el(‘(*tro(les were assumed 
lo be made of an inert material, sueli as grapliite. When such electrodes 
are used, ions are discharged both at the cathode and at the anode. 
Ihit if the anode consists of a metal, the process takes a different 
course. In this case ions will be diseharged only ai the (*athode: 
at the anode, on the other hand, metal ions will pass into the solution. 
For instance, if a solution of nickel suljihate NiS ()4 is ele(drolyz(‘d. 
using a plate of metallic nickel as the anode, nickel will be deposited, 
as usual, at the cathode, but at the anode hydroxyl ions will not 
be discharged and thej'e will be no liberation of oxygen, nickel gradually 
dissolving instead. The dissolving of the nickel may be attributed 
to its capacity, common to all metals, for emitting ions into solution. 
lhid(M* ordinary conditions, when the metal is dip])ed into water 
(or a solution), the t?-ansition of its ions into the solution soon stojis, 
owing to the a])])earauce of a negative charge on the metal. Hut in 
this case, as a result of the work (lone by the currciut .sourc(% the free* 
electrons are continuously '‘jiumjied away” from the nick(d |)late, 
and so nothing hinders more and more nickel ions fiom ])assing into 
solution. 


Srlieiiir of KlectrolyHis of .NiSIb Solution 
(With AihmIc) 

XiSO, 

Cathode <-Ni* ‘ S() 4 " > Anode (Ni) 

Ni* * "1- - c Ni Ni — 2 e — Ni‘' 

Hence, when a nickel salt is electrolyzed with a nicked anode, 
nie^kel deposits on the cathode, while the anode gradually dissolves, 
the amount of nickel salt in solution remaining unchanged. 
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Soluble anodes are widely used for coating metals with one another 
by galvanic means. The object to be j)lated by some metal, say silver, 
is immersed in a solution of a silver salt, where it serves as the cathode, 
a ])iece of metallic silver })eing used as the anode. C^irrent is then 
passed through until a layer of silver of sufficient thickness is dei)osite(l 
on the surface of the object. 

Electrolytic methods of purification of certain metals are also 
l)as(Hl on the dissolving of anodes (see p. 543). 

One of the important technical aj)plications of electrolysis is galvano- 
idaslies, a method of obtaining exact metallic rejilicas of relief objects 
l)y def)ositiiig a more or less thick layer of metal elcctrolytically 
on their surface. This method was discovered by the Russian Acad¬ 
emician B. Yacobi (1801-1874) in the thirties of the last cemtury. 
The first practically important use of galvanoplastics in Russia was 
for the j)rodiietion of fine cliches for printing various state papers, 
including ])aper currency. 

Electrolysis can be applied not only to aqueous solutions of electro¬ 
lytes, but to many substances in the molten state as well. Melting, 
like* dissolving, breaks down the crystal lattice of the substance 
r(*ndering its ions, formerly bound uj) in the solid crystal, capable 
of moving in an electric field. Electrolysis of molten aluminium 
oxide is em|)loyed for the pre])aration of aluminium, one of the 
most important metals of present-day engineering (see § 22fl). Almost 
all the readily oxidized metals, such as sodium, ])otassium, calcium, 
etc.. ai’(^ also produced by electrolysis of their molten salts or 
bases. 

203. Laws of Electrolysis. Electrolysis was first studied quantitatively 
in the thirties of the last century by the English physicist Michael 
Fai aday who established, as a result of his investigations, the following 
liHws <»f Electrolysis; 

I. The irei(jhi of ff .snksfance depomtvd hi/ (deciroh/fiis is pro- 
poriioval to thv (juanfifi/ of dectricih/ jHissimj Ihrongh ihv solution 
and is (/nilr independent of any other factors. 


This law follows logically from the general concei)tion of the mech¬ 
anism of electrical conductivity of solutions and the essence of 
electrolysis (see § 88). As electricity is carried through solution only 
by simultaneously" discharged ions, it is clear that the quantitv 
of substance liberated at the electrodes will always be pro])ortional 
to the number of electrons carried through the conductors, i.e., the 
quantity of electricity passing through. 

2 . During electrolysis equal qwinlities of electricity liberate equivalent 
quantities of substances from various chemical corn/nmnds. 
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The following experiment is a graphical illustration of this law. 
Klectric current is passed through a series of solutions containing, 
for instance, the following substances: HCl, AgNOg, ('US() 4 , Fe(1.^, 
SnCl 4 (Fig. 1.36). The solutions are contained in vessels permitting the 
substances liberated to be weighed after the experimeiit (in the figiu’c* 
these vessels are conventionally shown as beakers: iwo electrodes 
are immersed in each beaker). 3\) ensure the passage of an ecjual 
(piantitv of eleetricitv through all the solutions, the electrodes are 



connecled in series. After some time, when a sufficient (piantity 
of electrolysis jiroducts have accumulated on the electrodes, the 
current is switched off and the substances ar(^ Aveighed. It will be 
found that during the time it takes one gram of hydrogen (i.e., on(‘ 
gram-atom) to be liberated from a solution of hydrochloric ac^id, 
the following quantities of metals will !)e de])osiled from tlu^ r(\st 
of the solutions. 


Slid, 

Quantity of inctal doposiled at 1h<* 

i-atfiod*', . 107.0 .‘ll.S IS.6 20.7 

Atomic* v\c*iglit of . I07.SS 6:1.54 55.S5 IIS.70 

('Omparing the quantities of metals de|)osited with their atomic 
weights, we find that the quantity of silver deposited equals 1 gram- 
atom, the quantity of copper, gram-atom, of iron, gram-atom, 
and of tin only 1/4 gram -atom. In other w ords, the weights of substances 
deposited at the cathode equal their gram-equivalents. The same 
result is obtained if the quantities of substances liberated at the anode 
are measured. Thus, in each of the first, fourth and fifth vessels 
one gram-equivalent of chlorine (35.5 gr.) is liberated, in the second 
and third vessels, one gram-equivalent of oxygen (8 gr.). 

The Electrolysis Laws hold equally for the electrolysis of solutions 
and of fusions. 
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MicluK'l Krtmday was l)nrn in 1791 in Newin^rton (KriglancJ), in a vory |MM»r 
hlacksinitli’s family. At Iho ag('. of tw'elvo, not fiaving even finishod ok'ijKMitary 
scliool, hr w'ont to work as an orrand fjoy at a bookstore* and tfu* bookbinding 
sho|) affilial<‘d to it. Wf)rkiiig at. this 
sliop Faraday got into th(* Imbit ofr(‘ad- 
ing sciontifkr books, (*Kj)e(*ially on tho 
nat lira! scioiuos. H(^ also liked to attend 
])o})iilar liM^tures, and it. was they that 
incited fhm w'ith t lie passionate desire to 
d(*vot(* himself to science*. 

In JHI‘l Faraday was fortunate 
enougli, t hank.s to the aid of the famous 
hlnglish <*hemist Davy, to receive the 
jiosit ion of assistant at th<‘l^oyal Insti¬ 
tute in Jjondon. Afterwards he b(‘crame 
I)avy’s s<er(*tarv, and in bS^a took th(^ 
latt<‘r\s f)lac(^ at th(^ Institute*. 

Fai‘a<lay’s scic'utific! activities w(‘re 
(list inguish(‘<I In* tfieir wid(^ range* and 
pi'dfundit y. Mostof his numerous inv(‘s- 
t igat ionsbeknigtot hesph(*r(‘ofeleetrie- 
ity. Il(‘studi('d tin* actionof eurri'iit on 
aejut'ous solut ieuis, <*st ablish<*d th(* two 
(uiidanK'nial law's of ('leietroelK'mistry 
(Laws of Fl(*etrolysis), discovered ('k'c- 
1 romagiK'tic induct ion. Faraday was t he 
first 1 () \v<»rk on th<* li(juefact ionofgasc's, 
obi aim'd chlorim*, ammonia, hydrogc'ii 
cliloride and f>th('r gas(\s in the lifjuid 
form, ])ut forth t h<*fh'm <^on\'iction that 
all gasescou 1 d be* 1 i(jilefied. <)t hei*iinpor- 
taut contribul ions ofhis to chemistry wen*: tin* discovery of l)en/(‘ni‘ and isobut.s- 
lem*, the inv(*st igatioriof na})hthalem*and thejin'paration of (‘th> lsul])huric acid. 

(^)iisi(lej'ing tlio Secojid I^avv of b]lectro)ysis from the ])oiiit of 
Mew ()1 elt^dronie tlieory, it caji easily be understood why substances 
are liberated in chemically equivalent quantities during electrolysis. 
I'ake, for instaiu^^, the electrolysis of ferric chloride. When iron is 
de])osited from the solution eacli Fe*' ’ ion re?ceives three electrojis 
frojn the cathode; at the same time three (T ions yield their extra 
electrons to the anode and become chlorine atoms. Tliereibre, the 
“transportation’' of every three electrons through the solution is 
acconqianied by the liberation of one ii*on atom and three chlorine 
atoms. No matter how many electrons ])ass througli the solution, the 
number of iron atoms de})osited is always three times less than the inim- 
l)er of chlorine atoms liberated, i.e., the quajitities of iron and chlorine 
evolvt^l are in the same ])roportion as their chemical equivalents. 

It has been established by measurement that the quantity of 
(dectricity liberating one gram-equivalent of substance during electro¬ 
lysis eipials 90,coulombs.* On this basis, the Second Law of 
Klectrolysis may be formulated as follows: 

* More precisely 96,494 coulombs. 
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To libcnttv one (front-(yuivalrnt of an if .snhslanrc front the mint ion 
of an ( Ivctrohjtv, 9()/)()0 conlornlhs of vtvdricity mud he pamed throtajlt 
the, mlution. 

The Second Law of Kiectrolysis offers a direct method of det.(M- 
mining tlie e(|uivaleiit weiglits of various elements. This law also 
forms the basis of all calculations involved in electrochemical industrial 
])rocesses. 


Example 1. Fiiul Hk* (•(juivalr'iil weight ornickri ifil is kimwii tiuil a (MirnMil 
nftwo ainjHMvs takes forty minutes t<‘ «l(‘|>osit l.4() <^v. of nickel from a solution 
of a. niek(‘l salt. 

VN'e lira! th<‘ (jua.ntit\’ of <‘leetriiaty pul through tla* solution l)y means f)f t he 
followinjj: formula. ^i\<Mi iji th(‘ course of physics: (J 1 /, where Q is the 

(|uantity of eh'etrieity in coulombs. /, tla^ current int(Misily in ainper(*s, /, the 
time in seeomls. 

Substituting tlie initial data into this formula we p‘t : 

Q :2-4C (>U 4,StMl eoulomhs 


As 1M>,5IMI eoulomhs ar(‘ r(‘Cjuire<l to lilx'rati' I ^i*aiu-e(juisah'jil ofsuhslanee. 
Ih(‘ ^:raiu-e(jui\'alent of nickel can 1 m' det«*rmine<i fnun thi* |)i'o])ort ion: 


tMi.5()0:4,SU(» .r:1.4() 


<M),5(10.1.4ti 
4,SOU 




'riierefore, 1 he e(juivalent weight of nickel is 

Example2, lOleeti'olysis of a solution of sil\<*r nitrate rt'sull<Ml in tla* lihc'ration 
of ‘{50 ml. of o\y^«*n at S.4M\at tla* anod(‘ in 20 minut(*s. Kiial tla* eurrenl 
intensity aial tla* amount of siKer deposited at the eathodi*. 

A ^rani-(‘(iui\alent of oxy^(*fi (S ^r.) occu])ies 5.0 1. at S.dM*. 'I’la* (juantily 
of (*l<*etrieily passed throuf^h th<* solution can he foumi rrt>m lla* proportion: 

‘I0,500:(^ 5,000: :{50 

00,500 . .*{50 

(J . 0,0‘{I eoulomhs 

a,000 

Since this <juantity of eledricitN passed through the solution in lla* course 
of 20 minutes, tla* cui*r(*n( intensity was: 


o.o;}i 
20 • 00 


5.0.*{ amp(*r(*s 


'I’la* (juantilN of sil\<*r (///) deposit<*d at the cal hod(> is |)roport ional to lla* 
(|uanlily of elect licit y jiassed throu;j:li the solution. A ;j:rain-(*i juivaleiil ofsil\(*r 
cfjuals lOS gr. H(*fa*e 

00,500:0,0:{ I 180:/a 


Hf 


0,051 . 108 
90\500 


0.75 gr. 
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2(M. Alloys. Metals are insoluble in ordinary solvents, such as 
water, alcohol, ether, etc., hut, when melted, are capable of dissolving 
in one another or mixing to form alloys. 

Most molten metals are miscible in all i)ro])ortions, just like alcohol 
and water. Ilut some metals dissolve in one another only to a delinite 
degree. For instance, if molten zinc and lead are mixed and left 
standing, the mixture separates into two layers, the low^er one con¬ 
sisting of lead wdth a little zijic dissolved in it, and the u])per of 
zinc containing some lead. 

When fiietals are fused, either one metal sinif)]}^ dissolves in the 
oth(M‘, or, more frequently, the jnetals form a chemical compound, 
a.nd thereforcL alloys are usually mixtures of free metals with their 
chemical coni|)ounds, the formation of which is often accom])anied 
by a cojisiderable thermal effect. For instance, if a ])iece of aluminium 
is dropped into molten copper, so much heat is evolved that the entire 
mass becomes wdiit(^ hot. 

Many metals can e.ombine into several different com])ounds with 
each other, such as AuZn, Au-jZii^, AuZiia, Na 4 Su, NaSn, NaSug, etc. 

Solid alloys are sometimes quite homogeneous: in sucli cases they 
are (hither definite chemical comjiounds or liomogeneous mixtures of 
indefinite composition, known as solid solutions. The latter form if 
the atoms of thc! metals mixed are capable of displacing one aiiotlier 
in the crystal lattice without disturbing its structure. Such a dis]>lace- 
me!it results in (juite homogeneous mixed crystals containiiig atoins 
of both inetals simultaneously (see § 03 ) and accounting for the 
homogeneity of the alloy as a wdiole. Most alloys, how ever, are hetero¬ 
geneous mixtures of crystals of the se])arate metals and their chemical 
com|)ounds (if fusioji of the metals gives rise to such compounds). 
Metals form alloys not only with each other but with some of the 
uon-metals as well; ])ig iron and steel, for instance, are alloys of iron 
and carbon. 

If the alloyed metals form neither chemical comjmnnds nor a 
solid solution, one of the components, upon cooling, begins to fall 
out in the s<jlid form. For instance, if a liquid alloy consisting of 
Id parts of lead and 90 })arts of tin by weight is cooled, crystals 
of ])ure liji will se])arate out first, just like ])ure ice from a dilute 
solution of sugar in water when cooled. The temf)erature at- which 
the till begins to pre(;ipitate out of tin* alloy, is below' the freezing 
]»oint of pure tin. By determining the soliditication point of tin witli 
lead dissolved in it, we can calculate the molecular weight of the 
latt(u% using the same rules as in the case of aqueous solutions. This 
method has been used to determine the molecular weights of many 
metals, which were found to be |)resent in dilute metallic solutioii 
mostly in the form of separate atoms. 

CMiemical analysis methods are unsuitable for determining the com- 
jmsition of alloys, as in many cases the metal compounds cannot be 
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isolated from the alloy. For tliis reason, ])hysieal metliods of in¬ 
vestigation are em})loyed ])redominaiitly in the study of alloys. A 
prominent role in the development of these methods l)elongs to the 
Ivussiaji scientist N. Kurnakov, who founded a new scientific discipline, 
knoM ii as physico-cJiemical analysis. 


Nikolai StMoyonox icli Kiiniak<»v was })or!i in l.S()(», in thr town of Xoliiisk, 
Vyalsk (JulM'rnia. Ho stntlicul ni Hu* IV'torshur^ Alining: Institute* wliioh ho 
i^radnatoel in 1SS2. In ISOIh Kiirnake)v siibinittod a th(\sis “On (V)inpl(‘x Me'tal 

Iiast‘s" and was appointe'd ])rorossor in 
the* chair tif inor^anii? che'inistrv at the* 
Mining Inst it iito. In 1012 he* h(*ado(i tho 



Nikolai Scnivonovicli Kurnakov 
(I'stitujJMl) 

concerning the* utilization of tlio iiu 


chairofgevnoral chojnistryat the* Hotors- 
hiirg Pol\t('clinical Institut(‘, and re¬ 
tained this post until 11)20. 

In 1012 Kurnakox'was ok‘ct(‘d Mom- 
hor of t lu* Kussian Academy of Sciences. 

During llu* lirst jx'riod of his sci(*n- 
litic actix'it i(‘S, Kiirnakox' studit'd tlic 
st met un'aiid pro[)i*rt iesof coTnj[>l('x com¬ 
pounds and this was llu* theme of liis 
Doctor’s thi'sis. Put Kurnakov's most 
important in\'(‘st igat ions were* ek'voted 
to me'tal alloys, to the* study of xvliie'h 
he applit'd llu'rmal analysis anel otlu'r 
[)hysie*0'ch«‘mie‘al methods d(‘V('lojK*el by 
liimse'lf, as well as me‘tallogreiphy. 'riu'se* 
inxe'stigations 7*(‘\e*al('d a numlu'r of 
x'cry important laws, exjilaining tla* 
be'haviour of metals whe'n alloye'd and 
(‘iiabling pre'diertion of tho physico- 
chemieud and m('e*hanical pi*o])e*rtie*s of 
alloys. Kiu'nakox ’s works we're Jiot only 
of gre'at t lu'orct ical inte*reist, but of 
imme'nse* practical imj)ortaiu*(‘ as well. 

.Alongside* his nunu'rous iiuc'stiga- 
t ions of alloys, Kiirnakox' spent a. 
gre^at fl(*al of* time* and e'ffort in studx- 
ing jiatural brine*s. Mis xveirks in 
this field made* it ])ossible* to solve* a 
numbe'r of vi*ry important proble'ins 
^xhau.slible re\soure*e's of the* salt lake's of 


our countrx anel e»f the* Kara-Pogaz-(hd Hay in the* Casjiian Se*a and leul to 
the* (lise*ove*ry of one* of the^ largest de'posits of jiotassimn salts in the* world, 
in Solikamsk Distrie*t. 


H\ moans of physico-chemical analysis t he variat ion of any jthysical 
property (vape)ur pressure, melting ])oint, specific gravity, viscosity, 
electrical conductivity, etc.) of a system, usually consisting of txvo 
substances, can be investigated (piantitatively in relation to cltanges 
in the composition of the system. 'Hie results of such investigations 
are represented on a com position-] iroperty diagram, the composition 
alw'ays being ])lotted along the horizontal axis and expressed in per 
cent of one of the com])onents of the system, wdiile tho proj>erty 



oxpn^ssed hy the luiinerical value of tlie (JorrespoiKling physical 
constant, is ])lotte(l along the vertical axis. Tlie sha])es of these curves 
not only enaV)le detection of transformations occurring in the system, 
but also give indications of the nature of those transformations, the 
composition of the r(\sulting jirodncts, the formation of solid solutiorLs, 
etc. Physico-chemical analysis methods are now widely used in the 
metallurgical, silicate, chemical and other branches of industry. 

Kurnakov’s numerous works, concerned Avith ascertaining the nature 
of metal alloys, elucidated the ])rocesses taking j)lace during the 
solidifi(;ation of alloys. In ])articular, in studying alloys he discovered 
chemical com])ounds whose com]K)sition could vary within a eonsid- 
erabl(‘ range. Kurnakov called these compounds of variable com|)o- 
sition lieriimllides, after Herthollet who had assumed their (existence* 
(see p. Ill), and suggested that ordinary (!()m()()unds of constant 
com|)osition should be termed dalionides. 

Of the various types of physico-chemical analysis, the most widely 
used in the study of alloys is thermal analysis, founded in the sixties 
of t he last eejitury hy the Russian 
metallurgist I). (Iiernov. 'riiermal 
analysis consists in the ])l()tting 
and study of fusihility diagrajns 
j’epi'esenting tlie dependence of 
the inciting jioints of alloys on 
theii' percentage composition. 

To give an ielea of thermal anal¬ 
ysis, several examples are ex¬ 
amined below. 

Figure' R17 is the fusibility dia¬ 
gram of the syst(‘m bismutb- 
cadmium. The horizojital axis 
shows tile jiercentage composition 
of the alloys and the vertical axis, 
their melting ])oints. Point A on 
the curve ACJi rcjiresents the 
melting point of pure bismuth 
As more and more ead- 
minm is added to it, the melting 
point dro])s gradually until it 
reaches a certain point (■ : after 
this, if the eadmimn eontent is stil further increased, the melting 
point j-ises again along the eiirve until it reaches ])oint B which 
is the melting point of pure cadmium ( 1121 "'P). If wt begin Avith cad¬ 
mium and add bismuth gradually to the Jiiixtiire, the melting |)oint 
will iirst drop to ])oint C and then rise again to yioint A. 

If a liquid alloy containing, say, 20 ])er cent cadmium and 80 per 
cent bismuth is cooled, ])ure bismuth will begin to separate out of it 



Cadmium content^ percent 
by k^eight 

. I,‘{7. Kusihilily diapain of llic 

sN-stciii 
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at a certain teni|)eratiue corresponding i-o point A, and hence, its 
content in tlie remaining li(|uid alloy will become smaller. As more and 
more bisjnnth crystals se])arate out, the t(mip(*rature kee[)s falling 
and when it reaches point r(140'^'r) the entire remaining Ikpiid alloy 
will begin to solidify as a whole, at constant temperature. An analo¬ 
gous ])icture is obtained if an alloy containing 60 ])er cent (Jd and 40 
per cent T^i is cooled, with the only fliff’erenee that cadmium will 
se])arate out first in this case (cf. fiwzing of solutions, § S2). 

Tlie tem])eratme I4(^(\ the lowest possible melting point for any 
alloy of bismuth and cadmium, is called the eutectic temperature, 
while the alloy of the com])osition corresponding to this ])oint is referred 
to as a niteciic nrixfmr, or just eutectic. Jn th(^ 
(rase under (ronsideration the eutectic (rontains 
40 ])cr cent (radmium and 60 ])er cent bismuth. 

As long as the alloy contains l(rss than 40 jum* 
(rent cadmium, bismut h se]>ai‘at(‘s out iii'st when 
the alloy is cooled, thus ])laying tin* part of thi‘ 
solvent, while cadmium is in this case the solute. 
At ])oint (- the rol(\s of bismuth and cadmium 
are reversiMl. From alloys containing more tlian 
40 per cent cadmium, th(‘ latter metal crystal¬ 
lizes out iirst; here cadmium is tlie solvent and 
bismuth the solute. And only when the cad¬ 
mium content, in the alloys (‘(pials 40 [)er cent 
do both metals begin to se])aj*ate out simultane¬ 
ously as a (nite(‘tic. If the eutectic is examined 

Kijf 13S Plioto- under the microscope it will be found to con- 

microp-apb <if Sii-PI) sist of very tiny (rrystals of bismuth and cad - 

alloy mium closely intergrovvn with one anotlurr.* 
Alloys of bismuth and cadmium with other 
compositions contain large crystals of one of the metals included 
in the (jontinuous mass of the eutectic. 

In accjordaiure with the above, five fields (?an b(‘ distinguisland on the 
iiisibility diagram of the system bismuth-cadmium (s(ie Fig. 1.‘17): 
/ licpiid fusion of cadmium and bismuth; II mixture of the licpiid 

* For siH'li in\(’sl i^fil ions, <'onsl it ut t ho suhjoot «)!' a ,s|HM*i{il s«*i('nt ilic 
<lis<*i|»liu(‘ (*all«'<l motallo^ra|)hy, a snuill soclioii nf the iilloy is polishcMl to a, 
inirror-lilor siirrace. 

'rho polisliod siirraci' is ilclird with a solution ot acid, alkali or sonu' otlicr 
I'ca^oiit. Soil'll^ sulistajiccs arc more suscc])tihic to th(‘ a.ctioti ot tlic rcagimt, 
otlwM’s less sns(;t‘])tif)lc, and tlms the oiitlinr's ottlic' composite' parts otth(‘ alloy 
are hreai^ht out on tli(' polishe'd siirtaei'. 'the n*sul1in^i section is studied nneler 
till' microscope in retk'ctcd light. Fig. l.'iS shows a microseclion ot a cnlectic 
alloy of tin and lead. 

The fundainentals of mirtallograjihy wi'ri' foimdi'd ovi'r 100 yi'ars ago by the 
lliissian (iiigineer P. Anosov, wd\o W'as the first- to begin iisijig the al:) 0 ^'('-des(rril)(ul 
mi'thod of investigation at the Zlatoust plant.s in the Urals. 
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fusion and hisnmth crystals; /// inixtnrc of tlie li(jnid fusion and 
cadinijjjn (Jiystals; / f’—niixtnrc of the eutectic and bismuth crystals; 
r.mixture of the eutecd/ic and cadmium crystals. 

Fusibility diagrams are usually ])lotted on the basis of the roolimj 
na ves of alloys. 'JV) obtain these curves, two |)uro metals are used to 
|)re|)are a number of mixtures of various comi)ositions. Each of th(‘ 
juixtures is fused and then cooled slowly, measuring the tem|>eiatun^ 
of the alloy at definite time intervals. 

The ot)serv(Hl data are recorded as cooling curves with the time ]>lot- 
t(Hl along the abscissa and the tem])erature, along the ordinate axis. 

'Fhe left-hand curve in Fig. is the cooling curve of a ])ur(^ molten 
metal. At first the tem])erature decreases unifr)!*mly along al:. At 
point /’ the curve shows a Im^ak, 

Avhere the solid ])hase begins to ^ 
form, this being ac(^ompanied c, 
by the liberation of heat, so that ^ 
the t(‘jn|)erature remains con- ^ 
stant for a certain length of 
lime (tl»e curve runs ])arallel ^ 
to tlu^ abscissa axis). After the 
entire' juass of the molten metal ^ 
has solidified the temperature 
again proceeds to fall unifoi'mly 
along rh. Tirne 

At times an interrupt ion in the Fi^- Fooliig (nu-s c 

tem|)eraturedi‘op may also be ob¬ 
served on the cooling curve of the solid metal, indicat ing that certain 
processes connected with the libeu-atioji of heat take ])lace in the solid 
substance, say tlu? transition of one alloti’opic modification into another. 

The cooling cui’ve of an alloy of two metals has a somewhat difterenl 
shape. Such a curve is shown in the right-hajid ])art of Fig. ]'M). The 
point li\ as in the first curve, correspondvS to the alloy beginning to 
solidify, to the crystals of one of the metals constituting the alloy 
beginning to se])arate out. As this takes place, the composition of tin* 
alloy remaining in the licpiid state changes and its solidification 
temperature keeps falling continuously, as long as crystallization 
goes on. But the heat liberated during crystallization nevertheless 
regards the cooling ])r()cess, so tliat the curve has a small break at tlie 
point k. (Vystals (jontinue to separate out and the temperature 
continues to drop uniformly until the alloy reaches the eute(!tic 
comj)osition. Then the temperature ceases to drop (])oiid /•,), as the 
eutectic se])arates out at a cojistant temperature. When the eutectic 
has separated out completely, the teiuperatine again begins to de¬ 
crease down the smootli curve ch. 

'I'he fusibility diagram of any given system can be built on the 
basis of a series of curves obtained in this majuier for various alloys 
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of its two coiiij)on(Mit motals. Fig. J4() shows schonuitically how it: is 
built ill the case of the system Bi-(Vl. Curves / and 7 I’ejireseiit the 
solidification of tlie pure metals bismuth and cadmium; all the I’est 
of the curves represent the cooling of alloys with gradually decreasing 



6.^0 


^ 400 \ 

I 

f300 


200 


|)ercentag(‘ of bismuth. Ol' these curves. 4 corresponds to thc^ solidi¬ 
fication of the alloy of eutectic composition (OP per cent Bi and 40 per 
cent Cd). Fusibility diagrams of the kind just examined result only in 
, the simj)lest cases, when the 

alloycMl metals form neitluM* 
chemical compounds nor solid 
solutions. Fxam])les of such 
alloys, b(‘sid(\s that de\scribed, 
arc! the alloys of cojiper and 
silver (eutectic contains l*S |)er 
cent (’u and 72 per cent Ag). 
lead and antimony (eutectic at 
13 per cent Sb and S7 per cent Pb) 
and many others. 

1'he fusibility diagrams are 
more coinjilex when the two 
metals fused do not simply dis¬ 
solve in one another, but form 
oneormorechemicai compounds. 

Fig. 141 represents tlie fusi¬ 
bility diagram of the system 
magnesium-lead, i.e., of two 
metals forming a, definite clnunical comjiound MgjjPb. Here we see 
two eutectic jioints, namely // and 7>, cones|)onding to the tempera¬ 
tures 400 and 250 ’The prominent maximum on the curve 
ABCJ)K (point (') corresiionds to the melting jioiiits of MggPb, point M 
on the abscissa axis indicating its comjiosition. Magnesium separates 
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out- from the alloy upon cooling along line AB, lead, along line A7>, 
and IVIggPb, along line B(H). Thus, if a liquid alloy containing, say, 
40 |)er cent lead (00 |)er (UMit magnesium) is cooled, magnesium crystals 
will hill out first; as they se|)arateout. th(^ teiiqiei'ature will keo]) falling, 
and when it reaches 400"" (’, all the remaining liquid ])art of the alloy 
will begin to solidify at a (constant tempeiaturcL forming a eutectic 
mixture of very minute crystals of magnesium and the (4ie!ni(^al 
(compound Mgj,lM). 

A similar result is obta.ine‘d if a liquid alloy cofit.aining, say, 75 |)er 
(Hmt lead is cooled, but in this case Mg^Pb crystals will be t he first to 
separate. This will continue until the tempeiatun^ reaches 400' (!. 
the point of formation of the eutectic. 

Analogous |)rocesses with solidification of the eutectic at i!50' 
occur if the alloy (jontains over 80 jier cent lead (see curve (1)E on 
Fig. 141). 

Thus, the left half of the curve, from A to C’, is the fusibility curve 
of alloys of magnesium and Mg.^Pb, while the right half, from f' to J), 
is the fusibility curve of alloys of lead and Mg^Pb. 

If two metals, when fused, form several chcmk^al compounds, there 
will l)e the same number of maxima on their fusibility curve as there 
are compounds, each maximum flefining the composition of one of the 
compounds. 

Thus, thermal analysis makes it possible to judge both the general 
nature of the alloys, and the number and com])osition of the compounds 
formed by the alloyed metals, which, in the long run. determine all 
th(‘ pro|)erties of the alloys. 

Example. UsiiL»jf tlu‘ fusihilil v <lia 4 (raiii of tlu‘ syslcau lind: a) whicli 

inclal will bo first. In s('i)arato if a liquid alloy coiilaining 50 |)tT font l)isinulli 
and 50 por (-('lit eadniiiim is i.*oolod; b) how many grams of this in(‘tal will 
soparalt^ out of 500 gr. of (ho alloy boforo Iho (‘utoolitr is roarho<l. 

1. PV(an Kiguro K17 o»i p. 521, ii can b<* soon (hat tho point oorn^sponding 
to tho toinpt'ratiiro at which tho alloy b(‘gins to si)lidify must lie on abovt^ 
point r. Th(T(*foro, if lh(* alloy is cooled tho lirst metal to crystallizo will bo 
(‘a.dmium, which will continue to separate until th(‘ remaining li(juid part of 
tho alloy roaches tlio eutectic*. 

2. As t h(^ cMitoct ic contains (>0 per cent bismuth, all the* l)ismuth must ol)\ iously 
bi' includ(‘d in tlu^ eutectic. 'riii*n the weight of cadmium included in the* eutectic 
can be* dct(*rmiiu'd by (he [)ro[»ortion 


wlaan-.o 


h0:40 250 :.r 


.r - 


40 ■ 250 
60 


166.7 gr. (M 


'rherefore, tho amount 
forms will bi' 


of c-admium that will s('pa.?*alc' out b(*fbre tho <‘utec(i(^ 
250 - 166.7 gr. Vd 


Thermal analysis has led to the discovery of the existence of an 
enormous number of compounds of metals with one another. These 
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compounds bear the generic name of inierinetallie conipoiiiids. The 
greatest number of sucli compounds, as far as we know at present, is 
ibrmed ])v the alkali and alkaline-earth metals with the metals of the 
odd siibgrou|)s possessing comparatively weak metallic properties. 


'the cornposil ion of (-oinpoimds is nsiinlly (‘X|>?*oss(‘(l ])\' fdrinnlas 

which sct'rn to <l(‘f\ Ihc laws of valency (‘slahlishcd for compounds of metals 
willi non nudals. Koi* instance, sodium forms the following s(‘i‘ii‘s of com]»omMls 
with tin and h'ad: 


NaSn,., NaSn,. XiiSn.,, NaSn^, XaSn. Xa,SiL., Xa.^Sn, Xa.,Sn, Xa ,Sn; X^aPhr,, 
Xa,IM».,, XalM), Xa.Ph. Xa.IM) 


Many internadallic compounds are \ery sta])lt‘ aial do not (h‘comf)ose ('ven 
at iem])<‘rat iiiH's considcrahlx' (‘xetnuhn*; thear meltine points, hitcaancitallie 
com])ounds are solnblt^ in li(jui<l animonia, ^^i\inji- solutions which coiaiiict 
current. When such solutiojis are electrolyz(‘d, ont* (d’tlit* metals, namel\', tlie, 
U'ss t‘lecti*opositi\(', is deposit<.‘d at tht' aiusle and the otlu'r at tin* (*athode. 
Koi* instance, wlien a solution of Xa^Ph,, is electrolyzed, lead is liberated at 
the anode and sodium at tlu^ cathode. 

In S(>lution int(‘rm(*talli(‘ (‘<mipounds are capa})le of (‘xchanj^e ri'actions with 
various salts. lo)r «‘\ampK': 

2 (’a(X();.)^. K 4 IM) (\\.,VU ' 4 KXO.j 

Metals can be dist)lac(‘d by other nu'tals from interna^tallic cornjxamds just 
as tlu'y can b(‘ from ordinarv salts. 

'Fhe formation of in1('rm(*tallic compounds has as yet found no th(‘or(‘tical 
(‘Xplanat ion. It has been (‘stablished only tliat midals of v ery similar eliemical 
]>roperties usuallv <lo not foian comptamds with one anoth<*r. 

X-rav methods have found wide*, use of late in the study of alloys, 
and have made it possible to establish the internal structure of the 
crystals in the alloy and to determine their (uystal lattices. 

Th(^ properties of alloys differ in many respects from those of the 
alloy(Hl metals and are not by any means tludi- arithmetical mean, 
owing to the formation of various chemical com])ouiids or solid solutions 
when the metals are fused. 

I'he melting points of alloys are very often lower than that of the 
most fusible component in the alloy. One of the allf)ys with a very low 
melting point consists of lead (4 parts), tin (2 ])arts), bismuth (h 
])arts), and cadmium (1 ])art). Tt melts at at)out i.e., even if 

immeised in hot water, while the melting ])oint of the most fusible of 
these four metals, namely, tin, equals 2:i2'C. On the contrary, the 
htardness of alloys is usually higher than that of their c()m))osite parts, 
especially when it contains chemical compounds of the metals fused, 
tliese compounds being as a rule hardea* than the alloyed metals; but 
at the same time they are more brittle. Alloys containing solid solutions 
are es[)ecially hard. 
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All these properties often make alloys more valuable than the metals 
they (jonsist of. That is why metals are used in industry mostly in the 
form of various alloys. 

205, Preparation of Ilif'h-Piirity Metals. The develo])nuuit of a 
numlxT of new branches of engineering during recent years has con¬ 
fronted industry with the task of obtaining metals of a much higher 
degree of purity than was tolerated previously. Thus, a nuclear 
rcuu^tor will operate relialdy only if the content of such “dangerous * 
im|)urities as boron, cadmium, etc., in the iissile materials does not 
exceed millionths of one ])er cent. Ibire zirconium is oiu^ of the best 
structui'al materials for atomic reactors, but becomes quite useU^ss 
foi' this pur])ose if it contains even insignificant amounts of hafnium. 
(Jermanium for semi-conductors (see §253) must not contain more 
than 1 atom of ])hosj)horus, arsenic or antimony j)er 11) million atoms 
of the metal. Heat-resistant alloys, widely used nowadays in aircraft 
engineering, must not contain even infinitesiTual admixtures of lead 
or sul])hur. 

Studies of metals obtaiiuxl in a very pure state have shown that 
in several cases ])revious id(‘as of their ])roperties have been erroneous. 
Many metals which have hitherto been considered brittle, non- 
plastic, are found to be very plastic when ])ure. For instance, titanium 
lui-ned out to be so ])lastic that it can be forged, rolled into thin sheets, 
bands, (‘tc. Another very plastic metal is ])ure chromium. Highly 
pure aluminium is as soft as lead; its electrical conductivity is much 
higher than that of ordinary aluminium. 

ihire uKdals can l)e prepared by electrolysis, by reductioii fj‘om va¬ 
rious chemical conqxmnds with hydrogen, (calcium, magnesium or 
aluminium, and by other methods; liowever, the degree of ])urity of 
the metals obtained by these j>rocesses is not high enough for ])resent- 
day technology. Therefore, spt^cial methods of ])urifying metals have 
been developed recently. Of these methods the most promising are: 
1) ])urification of metals by remelting under vacuum: 2) so-called 
“zone’* melting of metals and 5) decomposition of volatile compounds 
of the metals on a red-hot surface. 

Purifcafion of wdoh by rrwelting binder racnuw is based on the 
difference between the boiling jmints of the metal being purUied and 
the hiqmrities contained in it. In this method either the im])urities 
are driven off from the Jiietal, or the metal is driven off’ from its 
im])urities. The method is used for the pre])aration of very ])ure 
lithium, calcium, strontium and barium. It may also be employed for 
the ])roduction of chromium, manganese and beryllium. 

"'Zone'' melting is based on the difference in solubility of the ad- 
inixtures in the solid and liquid i^hases of the metal being puritied. 
in the “zone” melting method a specially shaped boat or crucible 
containing an ingot (rod) of the metal being purified is moved very 
slowly (several millimetn^s ])er hour) through a furnace. As a result 
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of this a smaJI section (zone) of the metal, that in the furnace at the 
moment, is melted. As the boat (crucible) progresses, the liquid metal 
zone moves from one end of the ingot to the other. The imjiiirities 
(H)ntained in the metal collect in the melted zone, move along together 
with it and when the opei-ation is over ar(‘ found at the end of the ingot. 
J^y numeious repetitions of this operation the metal can be made 
very pure. 

“Zone'’ melting is used to ])urifv gcuananium, silicon, tin, alumiuium. 
bismuth and gallium. 

/)('romj)osi1ion of vohitilr compounds of mcldis 071 ft htaUd Kurjucv. 
Titanium, zirconium, chromium, tantalum, niobium, silicon and 
vanadium readily form chemical compounds which (^an be volatilized 
at comparativeh' low tem])eratvires. VV'hen these com|)ounds come in 
contact with a red-hot surface, they decompose, de[)ositing a layei- 
of very ]nire metal. 

The preparation of pure titanium is (h^scrilied below by way of 
example. Titanium reacts ivadily with iodine, forming a cornjiound 
which is a gas at i^OO or '^rhus, if a mixture of impure titanium 

and iodine is heated, the titanium will scjiarate fiom its impurities 
and |)ass into the gaseous phase. If the gas thus formed is passed 
over a wire heated to 1,200-1,40(1'^ (•, it will decompose into its con¬ 
stituent parts. The titanium deposits on th(‘ wii-e, wliile the liberated 
iodine comes off and can be recirculated to lr(‘at ik^w portions of 
im|uire titanium. 
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'rheeleMiieiitsoitlK^ tii’st grouj) oft lio Periodic Table are ehai'aeterized, 
first of all, by identical slriieture of th(^ outer (^leetron layer of their 
atoms, which, in all the members of this gronp, (contains only oik* 
('lectron. But the structure of the second last (‘l(‘ctron layer differs 
in tJie different elejnents. This greatly inlluenc(‘s tlu'ir properties and 
ae(U)UJits for tlie division of tJie group into a, main and a stK^ondarv 
subgroup. TIk* main subgroup includes the typical elements Hflnutn 
and ,sodit(nh as well as ruhidinm and atcmuin, of atomic 

structure similar to the first two, and situated in tiu* even series of 
tlu^ long [leriods.* Kach of these elements has eight (‘leedrons in 
its second last layer. The secondary snbgrou]) consists of tlu^ ele¬ 
ments in the odd series of the long periods: .vdrer and 

(joJfL vvhicii hav(* eighteen electrons in their se(*ond last layers. 

ALKALI METALS 
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20(1. (Jeiieral Features of the .\lkali Metals. The name “alkali metals.*' 
given to the elements of the main subgroup of the first grou]), is due* 
t.o the fact that the hydroxides of the two chief rei)i*esentatives of 
t his group, sodium and ])otassium. hav^e long been known as “alkalis. ’ 
It was from these alkalis that Davy first prei)ared free potassium 
and sodium in 1807 by electrolysis in the fused state. 

* 'This subgroup iiiclu(l(*s also th(* ('IcmiumiI frainMiun (al.no. S7), obtJUu«Ml 
ai l . 

:j4 
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Having only oiu^ c'k'(*ti*on in their outer layer, which is a considerahic* 
distance away from the nucleus (see p. 1J4), the atoms of the alkali 
metals part with it ^ cry readily, forming positively singly-charged 
ions w ith the stable shell of the corresponding inert gas. Therefoie. 
the alkali metals are the most typical representatives of the metals. 
All their metallic ])roperties are especially |>ronounced. The alkali 
metals are absolutely incapable of gaining electrons. 

Similar stru(rtui'(‘ of not oidy the outermost, but tin* se(*ond las! 
cl(‘ctron layei' as \\(‘ll, ac(U)unts for the great resemblance betwe(Mi 
the alkali nu'tals. Ihit at the same time, tlu^ increase in nuclear cha.rg<* 
and in tlu‘ total number of (dectrons in the atom from lithium to 
caesium, gives rise to certain (jualitative differences between th(‘ 
individual members of the group. As in other groups, thes(» differeMic(‘s 
amount maiidy to greattu* readiness in yielding valency (d(‘ctrons and 
to more j)ronounced metallic |)roperti<'s as the atomic numlxM’ in 
crt'ases. 

207. The Alkali >letals in Nature. Preparation ami Pro|»erties of 
the Alkali .Metals. Owing to their high oxidizability, the alkali metals 
occur in nature only as compounds. Sodium and |>otassium are 
among the most abundant elements on the earth: the content of 
sodium in the earth s crust is 2.40 ])er cent, and that of ])otfissiuni. 
iMh") ])er cent. Both metals are contaiiunl in \arious silicate type* 
minerals and rocks. Sodium chloride is found in s(‘a wat(‘r and also 
forms imnu'iise deposits of rock salt at many points of the* globe*. 
'Fhe u|)per layers of tlu'se depe)sits some‘time*s contain epiiti* i*onsid(*i - 
abk‘ ejuantiti(\s of i)otassium, chiefly in the* fe>rm of |>otassium chloriek*. 
and also as elouble salts with seulium anel magn(*sium. Ho\\(‘\(*r. 
large accumulations eif ])otassium salts of (u)mm(‘rc;ial importance ai-e* 
scarce. The me)st important e)f them are the* Se)likamsk ek*pe)sits in 
the r.S.S.IT, the Stassfurt elepeisits in (k*i’many and the Alsaeu^ 
(k*|)Osits in France*. I)epe)sits e)f sodium nitrate* have* be*e*n found in 
(Tile. Se)ela is ce)ntained in the* wate'rs e>f many lake\s. Finally, e*ne)!*mous 
(juantitie^s e)f sexlium sulphate e)ceair in the* Kara-Be>gaz-(k)l Bay e)f 
the (’asj)ian Sea, A>'he*re* in the winter months this salt ek*|)e)sits in 
thick lay(*rs at the botte)m. 

The other three alkali metals, lithium, rubielium anel e*a.e*sium. are* 
mue*h less abundant than se>elium and ])otassium. Lithium e)ce*urs 
nu)re e)ften than the e)thers but the mine*rals e;ontaining it rarely form 
large ae^cumulations. Traeu*s e)f lithium e*an be detecteel in the waters 
of many mineral springs, in the se)il and in the ashes erf certain plants, 
such as beets, tobacco, hops. Jtubidium anel caesium are* ce)ntaineel 
in small ejuantities in certain litJiium minerals. 

The alkali metals are always found in (;ompe)unds as pe)siti\e‘ly 
charged ions. As the atoms of the alkali metals are e)xidized very 
leadily, yielding electre)ns, their ions, on the ce)ntrary, an* difficult 
to reeluce. Therefore, to reduce the ions of the alkali metals the me)st 
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powiM-riil rodncMii^ agent, namely el(^etrie current, must usually he 
resorted to. Sodium and |)otassiiim are |)r('])aied commercially by 
el(H*trolysis of their fused hydroxides or chlorides; lithium is [uepared 
by eleetrolysis of fused lithium chloride. liubidiuin and caesium are 
not prepared on a commercial scale. 

All the alkali metals have a bright metallic lustre, easily ol)served 
on a fr(>sl) cut. In the air the lustrous surface of 1 he metal immefliately 
b(‘comes dull due to oxidation. 

The characteristic features of the alkali metals arc* insigiiilicant 
hardness, high (‘Jectri(^al conductivity, low specifier gravity and low 
melting and boiling j)oints. Lithium has the lowest sjiecitic gravity, 
e(|ualling O.oIL, ca(\sium has the* lowest melting |)oint, 2S ('. 

'file cliief physical constantsofllu^alkali metals an' given in liable* L^s. 


Cliiot' IMiysirHl ( oiistaiiiK of tlu' Alkali MHals 
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'riie alkali metals disso]\e in li(|uid ammonia, fojining dark blue' 
(‘olloidal solutions. 

If a salt of an alkali metal is introduced into the non-luminous flame' 
of a gas burner, it (lecomp(»S('s, and the vapoui-s of the liberated metal 
impart a characte'i'istic colour to the llajiie. For instance, litliium 
erolouis it red, sodium yellow, e'tc. F.xamination of the (‘oloined flame 
through a spectroscope shows tiie spe'ctrum peculiar to the given metal. 
Ill this way even insignifie*ant traces of tliese (‘lements can be dt'tectcd 
in substanees. 

SjH'ctral utiff/ji.s-is. Nuiimtimik invrst i^at ioii.s of t hr* s|K‘ct ra rd’ v ai'ir»ns siif>slaiicr's 
in tiu* ^asr’oiis stair* havr* shown that all r-licinical r*I(*ni«‘nts. and many coinplox 
s\d)stanc(\s as wt'II, haNr* charar'trM’istir- s])(M'tra dif'fcri?»K from thosr* of r>thf*i' 
snl>.sta.nc(>s in iiiimhr^r and arratj^oincnt rrt line's. In the* casr> of' mixtnn's, ttu* 
pr'culiar s])(>c1ruin of (*a<*h coinpojicMit is o}>taim'd. Thus, thr* prt'soncr' of any 
<l(*finit(' substaru'r' in a mi\tnr(> can ))•' ('stahlishcrl In’ its s])(H‘ti’in)i. 'Phis is the 
undr'i’lyin^ principle of a spindal int'thorl r>f iii\ r'ist igat ing snhslanccs Unown as 
spr'ctral amilysis. 

Spectral analysi-s is of iinmonsi' imporlanr*(' for chemistry, cspr'cially when 
only insignificant (piantities of the substanc'.e under study are present, 'fla^ 
sr'nsilivity of this method by far outstrips the sensitivity of ordinary ehemieal 
rr'aetiouH. instatiee, the eharaeteristic yellow line in the sodium spr'etrnm 
<*an hr^ dr'Iected with a sped roar*oj>(* if thr* flame contains only a one-tliou.sami 

3L 
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millionth of’a y:nmi of sodium. 'I'lu' disfovory td jniuiy nin* oh'monis oc(Min‘i!ig 
in small (juani il ios, ])Mi“t icularix' ruhidiimi and (‘a.('sium, was duo to spool I'al 
aiialvsls. 

('hcniically the alkali metals are among the most active elements, 
'the activities of the different alkali metals are not identical and grow 
|)erce|)tibly with increasing atomic weight. 11ie rise in activity runs 
])arail('l to the inciease in atomic radii, i.e., the distance between the 
valencN' electron and the nucleus (Table 2S). "J'liis regularity stands to 
reason: the farther away the valency election is from the nucleus, 
the weaker its bond with the nucleus and the moi-e easily it can be 
torn away from it. And since the activity of metals depends on their 
readiness to yield valencv electrons, it natiuallv increases from Li 
to (\s. 

As liiis 1)0011 still(“c| iibovo (s(‘o jip. laS-lI), tlit' slnMiLrth uf llio olooiron bond in 
I ho atom is ox aluatod l)> 1 ho mii.Lrnitu(t(‘ of 1 h(' cnciytf or 'mnizutinn 

linU'iilUtI <»f tho ohnnont. 'I'la* atoms of iho idkali motals ])oss('ss t ho lowost 
ioni/ati«»n potontiids, oluiriiotori/od h\- tho followinjL!: ti;j:ui‘os (in volts): 

Li Xa K Hh (‘s 

5.1 4.:\’2 i.m :hs7 

'flioso dilta show that tht‘ ioiiiziition potontiids <looroiisi* from lithium to 
ojiosium, iind. Ihortdorc*. so doos tlu‘ stroniith of tho bond hotvooii thc'i?* out<M- 
most ('li’ctr«)ns fuid iinoloi. 

'Ida' low ionl/iition ])ot('ntiiil viilut's iU'oount also for lh(‘ .ability of tho idkidi 
mot ids to \’iold t hoir oloot rons roiidilv utalor various <‘\(ornid inHuiaua's, piU’lio- 

iilarlv, ujid<‘r Iho iudioti ol‘liKht on tlio jain 
snrfaoo of t Ih‘ mol id. This ])h(momo.non istlu' 
fuialaniontid iirinoipli* of jthofaclvrti a' rrHs, 
<lovio(‘s for t ransiorming Imninous oium'^a 
dirtvtly into olootrioiil. (Aiosium is osjM'ciidtv 
.sonsilivo to tho aotion of li^jfht. 

;\ ])holoolootri(* foil is shown diagrarnmat i- 
oallv in Fig. 142. Hidf tin* surfaoo of a. ghiss 
hull) is ooalod on thi‘ inside'with ii thin layoi 
ol’iin alkali motid. Ahov(‘t ht‘mcMaJlio hiye'f is 
a ringorgridof f)lat inum wii’o. 'rh(*l.)un)is filliMl 
w ith iu*oiior.sonn‘oth<‘r inoi*t gasiit .‘i vory low 
prossuro. "Ida* grid iind t Ik' nu*liil layia* aro oon- 
nootod to t h(' out<‘i‘ oirouit, whioti inedudi's a 
dr\ coll hat tcTy iUid a gidv iinomtdor. In llo' 
iih.semoe' of light tho oirouit r<Mnainsopon iuul 
no ouiTont will How through t ht‘pliot oedoot ri<- 
o<*ll. Hut d'tti(‘ surfao(^ of thomtdal is illumi- 
iiiitod, ('k'otrons ht'irin te» toiir .iway from it and fly lowanls tlio grid, llius oom- 
j)k‘ling th(‘ oirouit and giving rise* to a direM*t e*urront in it. 

Idiotoe'le'otrio oolls are* wide*ly use*d in ])raotic<‘ for transmitting imagos over 
elistanoe’s (for instance*, tolovision). in various signalling d(*\do(*s, foi* automat io 
control of ine*ohanism!s. in .sounel j)ioture*s, oto. 

All the alkali metals (tombine vigorously with oxygen. Rubidium 
and caesium even ignite spontaneously in the air; lithium, sodium 
and ])otassium burst into flame if gently lieated. It is very characrteristic 
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that only lithinin forms tin* normal oxide when hurnt, the rest 

of the alkali metals [)eing converted into ])eroxides of the following 
compositions: 

Na./).,: KoO.j: IU)./-)i: (s^O, 

1’lie exact structure^ of |)eroxides of tluj where M stands 

tor an alkali metal, is not known as yet. 

''fhe alkali metals react Avith the halogens no less vigorously than 
with oxygen, esp(‘cially with chlorine and liuorine. 

As the alkali metals are fiir above liydrogen in the (dectrochemical 
sei-ies, they dis])laee hydrogen not only from acids, but also from water 
(in which the H ‘-ion concentration is very low), forming strong 
l)as(\s: 

'2K I 2 non 2 KOH ; Ho 

I’arting readily with their valency eleeti'ons during (diemical r(‘ae 
tions, fha alkali nntah are Ike wost powerful reducimj agenlj^. 

The reducing ability of the alkali medals is so strong that they ar<‘ 
capable even of reducing h\'drogen atoms, converting them into 
negatively charged H'ions with the electron (jonfiguration of the inei’t 
gas helium. Thus, if the alkali metals are heated in a stream of hydro¬ 
gen. solid crystalline substances of the ty])e MH. called hydrides. 
|■#‘sult. these compounds containing negativedy charged hydrogcMi. 

2Xa i H, - 2Na H 

Hydrides react with water to form hvdi'ogeii and alkalis. 

In chemical nature the hydrides are somewhat similar to the salts 
ol‘the hydndialic acids. Tlie hydrides of the alkali metals are soluble 
in liquid ammonia, with which they form electrically conductive solu¬ 
tions. If such solutions are electrolyzed the metal is liberated at tlu^ 
(jatliode and hydrogen at the anode: therefore the latter is present in 
solution in the form of the anions JH': 

MH M* i H' 

The alkali metals form a large number of salts. With the exception 
of a few salts of lithium (LiF, LioCO^j, Li;^P() 4 ), almost all the salts 
of the alkali metals are readiW soluble in water. Therefore, whenev(>i* 
an anion is required to accomplish any desired reaction, it is almost 
always added as a salt of an alkali metal. Solutions of their salts with 
weak acids react strongly alkaline owing to hydrolysis. 

The two alkali metals sodium and potassium are of great practical 
im|)ortancc. 

208. Sodium (Natrium); at. wt. 22.991. It has already been stated 
that metallic sodium is ])repared by the electrolysis of fused sodium 
hydroxide with about 12 ])er cent soda added, or by the electrolysis 
of sodium chloride. 
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Tho diagram of an apjiaratus for the })rei)aration of sodium from 
sodium hydroxide is slu)\vn in Fig. 141^. An iron vessel /, holding u]) to 
1^)0 kg. of XaOH and cemented into a furnace, is lieated from without 
hy hot gases to keep the sodium hydroxide in a molten state. Tht^ 
cathode is a thick nickel or copper ro<l ^ passing through the bottom 
ol' the v(‘ss(‘I. and th(‘ anode is a nickel cylinder The cathode^ is 


Ch/annp 
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ai'at iou of iiiri allic sodium fr-om Na< )l I aral ion of motallio sodium iVom Xa( 'I 


surrounded by an iron wire gauze fastened at the top to a cap|)(‘d iron 
cylinder 4, 'riu* purpose of the gauz(* is to prev(‘nt the sodium lilxuated 
fi-orn passing through to the anode. 

.As the electrolysis ])roceeds, the molten sodium accumulates within 
the iron cylinder from which it is reinov(‘d periotlically and |)oured 
into moulds. 

Owing to the liydroxyl ions being dischai*g(*d at tlH‘ anod(\ oxyg(‘n 
is liberatixl thert*; 

4 011' 4c '1 H.,() I ()., 

The water forined evaporates almost entiiely, but some of it, n(‘V(‘r 
theless, is decomposed by the current, so that a little hydrogen is 
liberated at tlie cathode together with the sodium. 

Of great interest is the preparation of sodium from molten sodium 
(‘hloride, as in this case sodium hydroxide is replacod by common salt 
which is a much cheaper material. 

The bath for the electrolysis of Nat^1 (Fig. 144) consists of an iron 
body /, lined on the inside with fire-brick. The graphite anode 2 is 
surrounded by a nickel cathode /T t he outer walls of which are cf)ated 






with ail insulating material. Under the bell 4 is a perforated partition 
J surrounding the eathode. The metallic sodium eoJIects in the annulai" 
(tathode space and ])asses through pipe 6' into the collector 7. Sodium 
chloride is introduced through an opening in the hath cover. 

The disadvantage (){ this method is the necessity of carrying on 
process at a comparatively liigh tem])erature (hiO-fiair’(') whieh 
complicates tli(‘ a]>paratus. 

In the free state sodium is a silvery-white metal with a s|»ecitic 
gra\ ity of and a melting p(»int of 1)7.7' U. Sodium is so soft that 
it can (‘asily he cut with a knife. It is readily oxidized in the air. and 
for that reason is usually kept under kerosene. 

.Metallic sodium is Cjuite wid(‘ly used. It serves as a raw material 
Idr the ])reparation of sodium j)eroxide and sodium amide and is 
tMn|)loyed also for the synthesis (»f many organic compounds. In the 
laboratory sodium is often used to nnuove tlie last traces of moistun* 
from certain organic solvents. 

W'ith mercury sodium forms a solid alloy, sodium amalgam, which is 
sometimes used as a I’cduetant instead of the |)ure metal. 

Sodium forms two compounds with oxygfm. sodium oxide Xa./) 
and sodium peroxide Xa.^Oo. 

Sodiuh! (Kvidf Na.^O (‘an he prepa.r(*d by passing a moderate (piantity 
of oxygen ov(‘r sodium heat(‘d to not over Iso . or by luaiting sodium 
p<‘roxi(le with m(‘lallic sodium: 

Xa.O. i 2Xa 2XaJ) 

Sodium oxid(‘ rea(‘ts violently with wal(*r. giving sodium hydroxide 
and r(‘leasing a laig(‘ amount of h(‘at : 

Xa,() ^ \IJ) 2Xa()lI 

Sodivni m.ridr Xa./)., results when sodium is burnt in the air or 
in oxygen. In industry sodium ])eroxide is pre])ared by heating metallic 
sodium in flat aluminium dishes inside an iron tid)e througli which a 
stream of air freed from carbon dioxide is ])assed. The resulting ])rod- 
u(^t is a yellow powder and contains about 1)15 ])er cent Na^Oo- 

Sodium ])(^roxide is a very powerful oxidant. Many organic sul)- 
staiK'-es burst into flame when brought into contact with it. 

if sodium ])eroxide is carefully dissolved in cold water the resulting 
solution will contain sodium hydroxide and hydrogen ])ei*oxide. The 
rcN'ider will recall tliat all peroxides are now regarded as salts of 
hydrogen peroxide, a very weak acid. Therefore, the reaction between 
sodium peroxide and water is essentially the hydrolysis of the salt 
of a weak acid and a strong base: 

Na.O., f 2 H/) H./)., l 2 NaOH 

O," I 2H,()i:Ho()o j 2 OH' 
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If iliis solution is lioiikHl, oxygen will be liberated due to deeomposi 
lion of the liydrogen ])eroxide. 

Dilute aeids also react with sodium ])eroxide to give hydrogen per¬ 
oxide' : 

Xa,,(), ! HoSO^ NaoHO^ ! H.O, 

()/ - H* H/)o 

Owing to the formation of hydrogen pt‘roxid(‘ when Na^O.^is dissolved 
in wat('r or in dilute acids, sodium peroxide is widely used for bleaching 
falirics, wool, silk, straw, feathers, hones, etc. 

Of gi-(‘at im])Oi*tance is the i*eaction between sodium ])eroxid(‘ and 
carbon dioxide: 

2 Na.O. i i! (’(). -- 2 NaJU)., i O. 

()./ 2 r 2 0 

O.r 2r (). 

This reaction foinis the basis for the use of sodium peroxide in 
oxygen })reathing (or self-contained) gas masks, as wtdl as in sub¬ 
marines for absorbing the (‘arlmn dioxide exhaled by peo|)le and 
at the same time supplementing the supjdy of oxygen in the air. 

Sodiinn Infdro.vide XaOH is a white solid, very hygr-osco|U(\ melting 
at .‘52S (\ Owing to its str-ong coiTosive effect on fabrics, skin, ])aper 
and oth(T oi*ganic substances it is also calk'd caustic soda. 

Sodium hydi-oxide dissolves in water, liberating a large amount 
of heat owing to the formation of various hydr-ates. Sodium hydroxide 
must be ke|)t in we 11-stoppered vessels, as it I'eadily absorbs carbon 
dioxide fi’om the air, turning gradually into sodium car*l)onat(\ 

The chief method of ])i-eparation of caustics soda is by the electrolysis 
of aquerjus solutions of common salt. When current is j)asse(l through, 
hydrogen ions are discharged at the cathode, leaving liydroxyl-ion 
in solution. Avhich accumulates (cf. p. 513) and forms sodium hydrox¬ 
ide; ('Idorine is liberated at tlie anode. Jt is very important to keep 
the electrolysis ])rodu(jts from mixing, for if they do, the sodium 
hydroxide will j-eact with the chlorine to form NaDI and \a(1(): 

('lj> I 2Na()H - Nad j NaC^lO j H,() 

'rhere are several ways of preventing the chlorine from penetrating 
into the sodium liydroxide solution. The most commonly used is 
the diajdiragiu method, in which the anode and cathode chambers 
are se|)arated by means of an asbestos partition. In electrolytic baths 
used for the manufacture of sodium hydroxide according to this method 
(Fig. 145) a vertical diaphragm 7, titting tightly against the perforated 
iron cathode 2. sei)arates the anode (diamber /I from the cathode 





Chlorine 


Sodium 
\chlorLde 
I solution 


chamber 4. The anodes 5 ai*e graphite rods. As electrolysis proceeds 
a NaCl solution flows continuously into the anode chamber and a 
solution (jontaining a mixture of Na(i and NaOH keeps flowing 
out of the cathode chariiber. Nad is t hen crystallized out by evapoiu 
tion, leaving aii almost pure solu¬ 
tion of alkali. The latter is decanted hydrogen Sodium 

from the Nad and eva])orated to 

remove all the wafer. The resulting ^ \i solution 

NaOH is melted and ])oured into 5oo^ ~ _ 

moulds. The by-products in the ^ I I 1 I jj 

manufacture of sodium hydroxide^ mruiw^ 
a,r(^ (;hlorme and hydrog(‘n. ! 

Electrolysis of the Na(’l solu- 2 

tion proceeds somewhat differently ^ _ - _ i: 

if metallic mercury is used as the ■; ^ -j :■ 

cathode. In this case sodium ions ::: -4 

are discharged at the cathode in- ■: ‘ Z r 1; = 

stead of hydrogen ions. The sodium 4 5:- - - 

liberated dissolves in the mercin*v. ;:r “.5.“ 

forming a li(piid alloy, called sodium ; !: 

amalgam.* Tlie amalgam is easily :J! 

decom])osed by hot water into i 

sodium hydroxide, hydrogen and \ 

mercury. Thus, w ith mercun y as the ' 

cathode, absolutely pure sodium U 

hvdroxide can be obtained, con- 1 

taining no admixtures of undecom ^ 

posed sodium chloride. Fig. 14o. Diagram of (‘loctmlytic* 

Fig. 14()show\sthe diagram of an with vc'rtical (liai)hragm 

arrangement for the ])reparation ^ dmphmt^ni; ^ r-Mitiodr; .v Hriod.-* hum 
oi sodium hydroxide by the mer- 
euiy method.Theapparatus consists 

of two vessels, namely, the electrolyzer 7, in w hich the sodiu m amalgam 
is formed, and the decomposer 2, in which sodium hydroxide is 
obtained and liydrogen liberated. The bottom of the electrolyzer is 
(u)vered with a layer of mercury. A saturated solution of sodium chloride^ 
enters the electrolyzer continuously at one side, and an im])overished 
solution containing less Na(U is discharged at the other. The chlorine 
liberated is discharged at the top, wdiile the sodium amalgam keeps 
flowing continuously into the decomposer 2, wdiere it is broken dowm by 
the hot water entering it. The resulting alkali solution flow\s out 
through a sfiecial outlet, while the hydrogen is discharged through 
a fiipe at the top of the decom])oser. The regenerated mercur\’ 
is returned to the electrolyzer 1 by means of a mercury elevator. 


:. 14o. Diagram of (‘I«:'f*trolytic* 
with v(*rtical (lia])hragm 

cliaphru^ni: 2 CMlhodr; -i arjodi* churn 
her; 1 cntlrodc fdioiiihcr; -J—anorlcs 


• 7, in w hich the sodium amalgam 
in which sodium hydroxide is 


(^)iitaiiiing U*ss sodium than Iho solid amalgam m«‘ntionod on p. r)Ih). 




r)3S ( haptiM \IX. FIKST (JHori’ OF TflK PKRIOOIC TAItLK 

Besides llie ekM^trolytie method for the maimfac*tiii*e of eaiistic 
soda, another, older, method is sometimes em|)Iov('d. eonsistiii^ in 
hoilin^ a solution of soda with slak(‘d lime: 

\a.('(),, ; (\i(()H). - i (‘a(‘()., I 

WluMi the reaetion is over, the solution is deeanted from t he ealcium 
earhonate j)re(‘i])itate and the water <‘va|)orate(l. aftcu* whieh the* 
r*(‘sultin|i^ sodium hydroxide^ is fused. 

Sodium hydro\i(i(' is nne of tlu^ most im|)()rtant ])rodu(*ts of the 
basic chemical industry. The ytsirly woild output (not countino; tin* 
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r.S.S.B.) cxc(‘('ds <).,■) million tf)ns. It is usually known in commei’c^e 
as caustic* soda. Knormous (juantitievs of caustic* soda aic* consumed 

by the* oil inclustiy, \vhc*re NaOH is em])loyed for the ]>urific?atic)n 

of refined oil products, in the soaj) industiy. in the* mamifacture 

ot f)apc‘j*, textilc^s. artificial silk and in a numbc*i- of othc*r procx*ssc*s. 

Sotlinm sffll.s. Sodiuni forms salts with all the* known acids. 

As thci most im|) 0 !*ta.nt salts of sodium and their usc*s ha\'c^ bc*c*n 
dc‘sc*ribed already whc*n dis(‘ussin^ the* c*onc*spondin<.^ acads. they aic* 
only enumeratc'cl below. 

XafI—sodium c*hloriclc* or cH)mmon (tahlc*) salt (p. 

Na.jS—sodium sulphide (j). Jh‘{r)). 

\a.,S(> 4 • 11) H.,()—cic;c;ahvclrous sodium sulphate, or (daubei‘’s salt 

^ (p. ;u:b. 

NaN().j sodium jiitrate or Chile saltpetre (p. .*hSI). 

Na 2 C():j• lb H 2 C) - sodium carbonate or soda (p. 411). 

Xa.^SiO.j sodium silicate, water glass (p. 4()f)). 

Xa2S20;j r> Hof) sodium thiosid]>hate or “hypo" (|). IhiS). 
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Very niaiiy sodium salts form (jrystal liydi'ates (•ontaiuiuj*; oonsider- 
ahle (juautities of eryatallizatioii water. 

All sodium salts will colour a gas liame yellow. This reaction makers 
it ])ossil)le to detect the presence of very insignificant (quantities of 
so(lium in any suhstarice. 

200. Foiassiiiin (Kalinin); at. wi. 30.100. In e X t (Ti 1 al a|) I a‘a la 11 c(' 
as well as in physical and <diemi(5al properties potassium is 
vt‘ry similar to sodium, hut is even more active. iJke sodium 
it is sil\'(‘rv-whit(‘ in colour, melts at a Iom' temperature', oxidizes 
rapidly in the air and r(W*ts viok'iitly with wat('r liberating 
hydrogen. 

Potdfisivm hif(Iroxi(l(\ or Cffmfic j)otash. is j)re|)ar('d analogously 
to caustic soda, by the electrolysis of potassium chloride* solutions. 

Although its ac-tion is the same as 
that of sodium hydroxide, it is used much 
more rarely than XaOH, owing to its 
highei* cost. 1^10 chic'f (;onsumer of potas 
sium hydroxide is the soap industry, 
where KOH is us(‘d for the preparation 
of licjuid gi‘e('ji soaj). 

Potassium salts grc'atly r('S('mbh‘ 
sodium salts. Th(\v usually crystallize* 
out of solution without any water of 
hyelrat ion, while many sodium salts con 
tain crystallization water. 

ir introduced into a gas flame potas¬ 
sium salts give a charae^teristic ivdelish- 
viole't colour. If the salt has even an 
insignilicant admixture of sodium, this 
colour is easily masked by the yellow 
colouring characteristic of the latt(*r 
metal. However, the colouring due to the 
potassium become's epiitci visible if the 
flame is observed through a blue glass 147 . hifluniccdrj.otassiuin 
which absoi’bs yellenv rays. ^ali fontrTit ir) soil on <l<‘\ cNjij- 

Potassiiim salts i)lay an important 
part in agriculture. Potassium is one 

of the indispensable elements for plant nutrition. The im|)ortance 
of potassium salts for ])lants lias been established by many exjieri- 
ments and observations. Fig. 147, for instance, illustrates the influence 
of potassium on the eievelopment of oats. The oats were ])lanted 
in two pots, one of wdiich (the left in the figure) was filled with soil 
devoid of potassium salts, while the soil in the other pot contained 
them. The results of the experiment are self-explanatory. 

Although the soil contains quite considerable quantities of ])o- 
tassium, the latter is removed from it also in large cpiantities by 
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certaijv oultivatod plants. An especially large amount of |)otassinin 
is consinned by flax, hemp and tobacco. 

l^otassium de))osits (chiefly in the stems of plants, and therefore, 
fei’tilizing the soil with manure mixed witli straw sup])lements the 
potassium deficiency to a cert ain extent. But as tlie stalks of the above- 
mentioned j)lants are used for industrial purposes, a large ])art of 
the ])otassium is, in the long run, removed from the soil, and to 
su])])lement it ])otassium fertilizers have to be added. 

Tlie sources of raw materials for the production of potassium 
fertilizers are natural deposits of potassium salts. 

Such de|)osits have been found in the U.S.S.H. at Solikamsk. 
Layers of salt, consisting mainly of the minerals carnallite KLI 
MgLL'OH./) and sylvinite KCl NaCI occur over a large area be 
tw('en the iifipei* reaches of the Kama and the Ural foothills. 

The Solikamsk deposits were discovered in the twenties of this 
century. In lOTf an immense potassium mine e(|uip])ed with u])-to 
date machinery Avas built ami ])ut into operation. Since then the 
extraction of potassium salts has been increasing from year to year. 

The explored reserves of the Solikamsk de])osits are well abo\'e 
the reserves of potassium salts in all the rest of the world and ensure 
a quite sufficient supply of potassium fertilizers for U.S.S.Iv. agri 
(‘ulture. 
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210. (Jeiieral reatures ol the Copper Subgroup. The copper subgrou]> 
iiicludes three elements, copper, mlrer and gold, which begin the* 
odd series of the long j)eriods in iho jMendeleyev Table. Lik(‘ 
the alkali metals, all three elements have one electron each in tlu^ 
outermost layer of their atoms; their second last electron laycn-s. 
howover, have a different structure, consisting of eighteen electrons, 
whereas in the atoms of the alkali metals, exce|)t lithium, this layer 
has only eight electrons. 

The difference in structure of the second last layer accounts for 
the rath(>r pronounced difference in the properties of the elements 
of these subgroups, depending, apparently, on. the relative sizes of 
their atoms. In Table 29 the atomic radii and ionization ])otentials 
of the elements of the copper subgroup are compared with thost^ 
of the alkali metals located in the same periods. 
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T\w (lata given hi this table show that in tlie atoms of copjKM*. 
sil\'er and gold th(» outer elt^cti-on is inncJi oIos(‘t to tlio nucleus and 
must therefore be attracted ))y it more strongly tlian in tlie atoms 
of tlie c()rres])onding alkali metals. Accordingly, the ionization ])o- 
t(mtial, i.e., the energy that has to be expended to tear the electron 
away from the atom, is much higher in the (iojiper suligrouj) elements 
than in the alkali metals. Indeed, the alkali metals jiart with tluni- 
out(*r electron veiy nwlily. whereas the elements of the coppea- 
subgroup hold on to it ratlier tenaciously. That is why they ai’(‘ 
much more difficult to oxidize, and their ions, on the other hand, 
more easy to reduce: they do not d(e()m])ose water, their hydroxides 
are comparat ivc^ly weak bases, etc. At the same time, the lS>electron 
layer, stable in otluu' elements, is not (juite so in these elements, 
and is ca])able of yielding some of its electrons. Thus, besides its 
univalent cations, (;o])per also forms bivalent cations, Avhich arc^ 
(‘\'en more characteristic of this metal. Likewise, the most charactei- 
istic compounds of gold are those in which it is trivalent. Silver 
is usually univalent in its compounds, but may sometimes be hi- or 
trivalent. 

211. Copper (Ciipniin); at. wt. (13.54. Co]>p(U' ocaairs occasionally 
in the native state, but is found mainly as compounds. The most 
important co])])er oivs are chakojyifriir (or copper pyrite) CuFeS.,. 
rhith'ocilc (copper glance) Cu^jS, cuprite (red coj)])er ore) Cu./) and 
uKtIachiie (hiCO., •(!u(OU).j. The total content of cop])er in the earth's 
(*rust is c()m])aratively low; it- does not exceed 0.01 ])er cent. 

High-grade cop])er deposits have been found in the Urals,* in Ka¬ 
zakhstan, in the Armenian and I'zbek 8.S.JL In 11)28 ojie of the 
largest co])[)ei* de|)osits in the world, the Konnrad deposit, was dis 
('overed near Lake Ihilkhash in Kazakhstan. During the years of 
the Second and Third Five-Year plans the Balkhash Cop|)er Works 
arose there, a huge copper |>lant, unecpialled in Kui’ope. Large co])|)er 
plants have been built also in the Urals and in the (■aucasus. 

(■oi)per ores often contain so many impurities, that direct extraction 
of coj)})er from them is uneconomical. Therefore, an especially im- 
portant item in copper metallurgy is the flotation ])rocess for ore 
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(^()n(*(*nlratioii, w liifli iiiakes possible' tlio utilization of v(‘i*v lo\v-^ra(l(‘ 
tH)pper ores. 

(\)|)|n’r is from ils on*s ))y fusiii^^ lfi(^ hitter with sulphiir- 

roiitaiiiin^ materials (sulphide eo|)|K‘r ore t»r ]»Niite). Treatment oJ sul(»lii<i(' 
oi*es, howevi'r. (>s|)eeially wlu'U thi\v contain iron, is mueli mori* com|>l(‘\. hi 
this (*a.se the ore is first roasft‘(l to drive otT part of tht^ sulphur as SO.^ and to 
<-on\ert tlie iron sulphide in the ore into ferrous oxid(> KeO. The sulphur dioxid(* 
nhtain»'d in this way is usually ulili/.(‘d for tlie mauuracture of snlphui'ie aci<l 
or for tlu' production of’ sulj)]mr. 

After roasting;, the oi‘(‘ is nu'lti'd with suital>le fluxes in shaft or ri'verheratory 
rui*nac(‘s. DurintJ!: tJiis process tlu* ^.^reater part of tlie iro?i passes into the sla;,^ 
as lA'Sitwhil<‘ the e<>pp(‘r is eon\'('rt('d to tlu' sulphidi; (^nS which forms 
itHtfir with tlie iH'maining iron sulphide, and ac(*umulates at the hottom ol tlc* 
furnaei’ under a la_ver of sla^. 

The matte is then tri'ated in eonvi'rters, op(‘i*atinu: on the* sana* pMieral 
principU's as t hose used I'oi* t he product ion of st(‘el (p. (ilUi), to Imi’ii tin* l■ema.inin ;4 
iinn out of it. Koi* tin's purptisr air is Mown through tia* molten matti' in the 
<•<»ii\('rt»‘r aft(‘i* adding a ]»re<*aleulated anaiimt nf sand. 

'The ch(‘mii^al [iroci'sses fakin^^ plaet* in tin* convei-for ai*e ra,t her crumplex. 
The iron sulphi<le (‘oiitaiia'd in tlie matte is e‘>n\»‘rt<M| inin fei’rous oxide an<l 
remov'e«l as a. silieati' sla^z. 

'2 KeS .*{ 2 KrO : 2 St) . 

2 KeO 2 SiO. 2 KeSiO j 

The lopprr is rediiiMMl lo tin* metal, prohahly, as a result of the fnllouiinr 
I'eaet inns: 

2 ( () , 2 Ku J) , 2 S( 

2 (‘u.^O ( u^S ti (‘u St 

The linal released durin <4 this reaeti«ni maintains a li'mpei'at uri' of l,|UU to 
l,2tMi ( ' ill the conv erter, making t la* use of fia*! umiecessarv . 

.Air is hlown throu^fi until all the copper is reduced, tfa* end ]ioint Ix'inj^ 
deti'rmined by tla* a|)[»earance of' the flana* coming out of tin* couvertei’. '|''he 
molten coppr'r is poui’('<i out of the converter into steel naiuhls, in which it 
solidifii's as thick slabs. 

Tlu* raw oi- hlisirr eopper smelttMl froin tlu* on* st ill contains b(*t\v(*(*n 
2 and .i per c(*nt of various impurities (zinc, nick(*l. iron, l(*a(l. silver, 
^old, c‘tc.) and retpiires furtlter purification, or refining, which is 
carried out hy the so-called dry, or furnace, method, usually followed 
hy electrolysis. 

Kurnace r(*tining of blister (H)pjK*r consists in melting it. in a stream 
<if air. Kart of tlu^ copjier is oxidized to (hL,(), which dissolves in 
the molt(‘ai copjier and yields its oxygen for the: oxidation of the 
hast* metal imjiurities. Tlui excess of ('Uj,() formed is reduced by 
introducitig green wood or reducing gases into tlu^ molten mass. 
The result is refined co])per contaijiing only about 0.5 per cent im- 
j)urities and suitable for the preparation of bronzes, brasses and 
other alloys. 

For most purposc^s, and chiefly for the mamifticture of electric 
wires, the cop])er must be very pure, as even insignificant impurities 



I. cniTKii 

^rc*atly dccroasi* its electrical conductivity, resiillin^^ in |)o\ver loss(‘S 
w hen electrit;ity is tiunsinitted t hrough the wires. Very pure coi)per 
is obtained from funiaoe retined cop])er by electrolysis. 

For el(‘ctr()lytic rehning the furnace refined co])|)er is cast into 
thick anode plaU^s whicli are hung in a bath containing cop|)ej' sul])hat(' 
solution and conn(‘cted with t lie anode of a current source. The catliodes 
are thin plates of ])ure (‘oppei* inserted in the gaps l)etwec‘n the anode 
])lates and covered with graj)hite to facilitate removal of the copjH'r 
de])osited during ele(^trolysis. Fleetrolysis is carried out at a v(‘ry low 
voltage, not over 0.4 V(jlts. Fnder such conditions only copp(‘r ions 
and iotjs of th(‘ metals abo\’(' coppei* in th(‘ (‘l(H*trochemical series 
(zinc, iron, nickel, etc.) j)ass into solution frmn the anode. All llu* 
oth(M' impuriti('s contained in the blist(*r coppcM* sink to th(‘ bottom 
of th{‘ bath as a |)recipitat(‘. known as anod(‘ slinu^. Owing to tlx* 
low voltag(‘. only co])per ions are discharged at the cathode, aixl 
thus the latter b(M*om(‘s coatcal with pur(‘ copper. Sil\(‘r. gold. s(‘lenium 
and oth(*r valual)le elements are extracted from tlx* anode slinx'. 
'The \alu(‘ ol' llx'S(‘ substances is often high (Miough to c(»\(‘i‘ all the 
c()sts of production, and tlxneibrc* coj)per (‘ontaining nol>l(‘ and ra,rr‘ 
(‘lenxMits is always r(‘lined (de(*tiolyticaily. 

Ihir(* copper is aductile tough metal of a light red colour, readily 
roll(‘d into thin slx'cts. 'Tlx* s|)(‘cilic gravity of copper is S.t» and its 
iix'lting point is I ('opper is an (*x(*ellent coixluctoi* of lu'at 

and el(‘ctri(aty, second only to silv(‘r in this res|)ect. In dry air coj)p(‘i‘ 
hai'diy inxlergoes any change, as the very thin o\id(‘ him which forms 
on its surface (and dark(*ns tlx* copj)er) j)rotects it elfectively from 
further oxidation; but in the presence of moisture and carbon dioxide, 
the suiTace of copper becomes coated with a greenish deposit of 
basic coi)per carbonate (’Uo(()H)j,(’t)jj. If heated in aii’ cop]>er turns 
into blackcupricoxide which decomposesat a higher tem|)eratui‘e, losing 
oxygen and passing into cuprous oxide fu.^O. 

Owing to its high thermal aixl (electrical condiudivity. malkeability. 
good casting properties, high tensik* strength and resistance* to cor 
I'osion, copper is widely used in iixiustry, being sc'cond in extensiven(*ss 
of appli(*ation ojily to iron. In 1054 the co|)per (*xtracted in the capi 
talist countri(*s amounted to 2.5 million tons. 

Immense quantiti(*s of pure electrolytic c.oppc*!* (about 4t) per c(*nt 
of tlx* entire copper out|)ut) are uscxl for making electric wires aixl 
cables. Mon* or less pure co|)per is em|)loyed to manufacture various 
industrial ap|)aratus(*s. such as boilers, (‘vaporation tanks, stills, 
(*tc. \'arious alloys, containing (*o|)j»er in combination with other 
nx'tals, are widely ust*d in machine-building, as Avell as elc^ctrical 
engiiXHU’ing and other brancluxs of industry, ^flx* most important 
of these alloys are />ru.sw,s* (alloys of co])i)er aixl zinc), bronzes (alloys 
of co|)per and tin). nicM silver (t)5 per cent co|)|)er, 20 per (;ent zinc 
and 15 ])er cent nickel) and (Umuin silver (SO p(>i* cent copper aixi 
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lM) per cent nickel) whicli resemble silver in appearance, ron^slantan 
(()(4 per cent copper and 40 ]>er cent nickel), used for resistance box(\s 
and thermocouples, and many otliers. 

As to chemical j)ro])erties, copper is a metal of low activity', although 
it will unite directly with oxygen, sulphur, the halogens and seveial 
other elements. 

Situated below hydrogen in the electrochemical series, coppt^r does 
not dis])lace it from acids. For this reason hydrochloric and dilute 
sulphuric acids by themselves will not attack copj)er. However, in 
the |)jesenc(‘ of atmospheric oxygen, cop|)er dissolves in tlunn giving 
th(' corresjionding salts: 

1 (^i ! 4 MCI i (>. 2 CuCU • ILO 

4'his reaction may be thought of as procetnling in two steps: first, 
t lu‘ oxygen oxidizes co])])er into cupric oxide, then cupric oxide, 
like any other basic oxide, reacts with hydrochloric; acid to form a 
salt and water. Under such conditions even the weakest acids arc 
capable of gradually dissolving cop])er. Co])per dissolves readily in 
nitric acid and in concentrated sul])huric acid if heated. 

x\ll volatile; (topper cojnponnds colour the non-lnniinous llam(‘ of 
a gas l)urner blue or green. 

Cof)per forms two series of com])ounds. derivatives. !espectivel\, 
of its two oxides, cu])rous oxide (’u./) and cupric oxide (UiO. In the* 
first series of compounds cop|>er is univalent, in the second, bivalenl. 
The com])ounds of univalent copper are as a rule less stable than 
tliose of bivalent coj)per and are of little ])ractical importance. 

Compounds oj univalent copper. Cuprous oxide (^UoC) occurs in nature as 
cuprite, nr red co])per orc'. Jt can bo ]m*par<‘d by heatijim a so]uti<.>n. of an\- 
cupric salt- with an alkali and some stroiif? rechieing agent, say formalin or 
grape sugar. At fir.st a yt'llow i)recipitato ap])ear.s, with resp(^(rt to which it has 
not yet been established wh(‘ther it is eii])rou.s hsdroxide CuOH or an amorf)h<nis 
gel of cuprous oxide. \Vh(‘n lu'ated nifanj intcuisc'b precipitate passes into 

j*ed cuprous oxide. 

Ciiproihs oxid(‘ can be prepanul also by calcining (;o])p«'r in the air. 4’he black 
cupric oxide formed at first decomposes at about SOU into nd cuprous oxide. 

Jlydrochloric acid converts cu|)rous oxid<; into a colourless solution of cujinms 
chloride CuCl. If this Holuti{>n is pourtMl intti water 1 he euf)rous chloride pr<M*ip 
itates out as wdiittj insf)luhle curds. Cuprous chloride can be f)btaiiied also by 
boiling a solution of (.'u(-l.j. with hyclrochlorit! acrid and eoppt'r turnijigs: 

C‘uC4.^ i Cu - 2 CuCl 

Oiu' more stable c<)m[)ound of univalent coppiu* should be meulionerl. 'I’his 
is cuprous sulphide CUj,S, nrsulting when etippt'r eonihines dinnrtly with sulphur. 

(-ompounds o/ hivalenl copper, ('apric oxide CtiO is a blat;k sub 
stance, usually ])repared by heating copper cuttings, filings or turning 
in the air to redness. It can easily be obtained also by calcinin 
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certain copper salts, such as })asic copper carbonate (II) (’ii.,(()H 
or copi»er nitrate (II) (■u(N() 3 ) 2 .* Cupric oxide is a rather activ-e 
oxidant. When heated with various organic substances cu])ric oxide 
oxidizes theni, converting the carbon into carbon dioxide and the 
liydrogen into water, itself being reduced t.o metallic coppe^r. This 
reaction is widely used for the so-called elementary analysis of or¬ 
ganic substances for determining their carbon and hydrogen (content. 

Cupric hydroxide ( ■u(()H )2 ])recipitates out of solutions of cu])ric 
salts, when treated with alkalis, as a light blue jelly like mass. If even 
g(Mitly heated cand even under water it decomposes into bhu^k (‘U|)ric 
oxide. 

(’u])ric hydroxide^ is a v(‘ry weak base. Therefoi‘(*, solutions of [>ival- 
ent c()p|)er salts mostly react acid, and with weak acfids co|)per forms 
basic salts. 

The most important salts of bivalent coj)per are the following: 

1. (\)pper .Hulphole (II) or cupric aulploie (‘uSOj is a white j)owder 
in the anhydrous state but turns blue u|)on absorbing watei*, and is 
for that n^asoii oftcji used to detect traces of moistun^ in various organ¬ 
ic lieplids, A(jUC‘ous solutions of copper sulphate poss(\ss a light i)hu‘ 
colour, characteristic of 1 ml rated |(ki(H 20 ) 4 ! ‘ '-ion. That is why all 
dilute solutions of bivalent co|)per salts have the same colour, unless 
thciy (joiitain coloured anions. CoppcT sulphate crystallizes out of 
aepreous solutions with five moleculc^s of water, as transpai’ent blue 
(crystals in the triclinic system. Jn this form it is known as blue ritrioL 

Blue vitriol is ])re])aie(l by dissolving co])per sera]) either in liot 
concentrated sulphuric acid or in warm dilute sulphuric acid with fre^e 
access of oxygen. Blue vitriol is used for cop])er ])lating, for the manu ■ 
factur*e of c;ertain mineral ])aints, as a ])estichde for })lants in agriculture. 

2. (\)pp(r chloride (11) or cupric chloride CuC’lo -HaO forms dark 
green crystals, readily soluble in water, is usually jrn^pared by dissolv¬ 
ing basic co])])er carbonate in hydrochloric acid. \'erv concentrated 
solutions of Cu('l 2 green in colour, but dilute solutions are blue, as 
usual. (V)pj)c>r chloride (II) colour's a non-luminous gas flame intense 
green. 

Ik Copper nitrate (II) or cupric nitrate Cu(NO;,) 2 - 3 H 2 () is pre])ared 
by dissolving co])per in nitric acid. If heated, the blue ca'ystals of co])pcu‘ 
nitrate first lose water, and then dec;om])ose readily, liber ating oxygen 
and brown nitrogen oxide and ])assirig into black cu])ric oxide. Is used 
for the preparation of cupi'ic oxide as well as for the manufacture of 
certain paints. 


* A Roiiiaii numeral in [)aivnthcses after the name of the salt is iiseti to 
denote the valency of the metal (cations) (rontained in it, when the metal 
possesses variable valc^iu^y, and thi' name of the salt does not indicate whicdi 
vaU'iiey is ira'ant. For instance: CuC^l is cop])er (diloride (1) or cuprous chloride; 

is copper chloride (II) or cupric chloride; is iron sulphate (III) 

or ferric sul])hate, etc. 
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4. B(usic copper carbovaie (11) Cii2(011 ) 2 fX);j is found iu nature as 
tlie nuneral malachite which has a beautiful emerald green colour. 
Oan be synthesized by treating solutions of bivalent copper salts with 
soda: 

2 Cum, + 2 NaotX),, + H 2 O = I Cu2(0H)2(^03 + Na2S()4 + (X). 

Is used for the ])re])aration of cupric chloride, for the manufacture of 
blue and green mineral paints and in j)yr()technics. 

r». Copper (cupric) acefote is ])re])ared by the 

action of acetic acid on metallic co])per or cupric oxide. The commeicial 
])roduct is usually a mixture of basic salts of varying com|)ositioFi and 
colour (green and bluish green). Is used under the name of ueufvftl 
rerdigruH for the ]u-e| >ai at ion of oil colours. 

Th(‘ double acetate-arsenite of coj)per (known as “Paris greciT’) 
Cu(CH ;/'()())2 ('u 3 (As ().,)2 is used to destroy agiicultural ])ests. 

(V)])])er salts are employed for the manufacture of a large number of 
mineral paints of various colours: green, blue, brown, violet, and black. 

All co])pcr salts are ])oisonous, and that is why co])]>er pots are 
tinned on the inside to ])revent the formation of co])])er salts. 

Conrplex com poundof copper, A vei*\' eliara(?teristic prop(‘rty of 
bivalent co|)per ions is their ability to combine with ammonia mole¬ 
cules to form what are knowji as complex ions. 

If ammonia solution is added to a solution of eop])er ^yilphate. the 
result is a blue precipitate of the basic salt, which dissolves readily i?i 
an excess of ammonia, colouring the licpiid an intense blue. Addition 
of an alkali to this solution brings doAvn no ('u(()H )2 preci])itate: 
therefore it must be concluded that the solution contains no (Ur * -ion. 
or contains so little of it, that the solubility product of ru(()14)., is 
not reached eveii Avith a high concciitration of hydroxyl-ion. Hence, it 
folloAvs that tlie cu])ric ions react with the ammonia added to form 
new ions of sonu^ kind Avhich giA^e no in.soluble com])ound with OH' ion. 
At the same time the S() 4 " ions remain unchanged, as can be prov(‘d 
experimentally by adding barium chloride to the ammonia solution, this 
immediately bringing down a precipitate of BaSO^ (test for S 04 "-ion). 

It has been established by investigation that the dark blue colouring 
of the ammonia solution is due to the ])reseiice in it of the com])lex 
ions [(UdNH .j)^] * *. a result of the addition of four ammonia molecules 
to each cu])ri(! ion. If the water is eA"a])ortaed, the |(U](NH;,) 4 | ’' ions 
combine with the SO./' ions, and dark blue crystals se])arate out of the 
solution, their composition being re])resented bv the formula 
[(Ui(NH,)4]S()4.H.2(). 

Thus, Avhen copf)er sul|)hate (I I) is treated with ammonia, the follow 
ing r(‘action takes place: 


CuSO, -i 4 NH., - |(Ui(NH,) 4 ] ho. 
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The ionic equivalent of this reaction is 

(\\" I 4NH.,-[(^i(NH,)J-* 

/e//,s* irhirli, iihe XI/ \ are lornied by the addition of neutral 
molecules or other ions cayahle of existlfKj independently in solution to 
the ion in (/uestiem, are called complex ions. Salts (jontaining such ions 
arc referred to as complex salts. (V»inj>Jex at?ifls and (‘oinpU^x bases 
are also known, these coin])Ounds ionizing in solution into complex 
ions. 

In writing the formulas of coni])]ex com])oiinds the complex ion is 
usually eiK^Iosc'd in s(juar(* biackets. This indicates that when the com- 
poinul in question is dissolved in water, the complex ion remains in 
solution without breaking down into its com])osite j)arts. 

Other salts of bivah^nt co])per react w'ith ammonia in a manner simi¬ 
lar to co])])(T sul])hate (II). In all such cases tlie result is a dark blue 
solutioji containing the com])lex ions |(Vi(NH.^) 4 |‘ 

rnivakmt co])per combiners with ammonia to give colourless complex 
ions of the C(jm])ositioji |C■u(NHJJ) 2 J*. 

Ou|)ric hydroxide also dissolves in ammonia, forming a dark blue 
solution which contains |Ou(X‘-ion and hydroxyl-ion: 

(^u(()H)o ; INH 3 - I -'OH' 

'I'he result ing solution is capable of dissolving (jcllulose (cotton wool, 
Hlt(M* |)aper, etc*.). If the* cellulose solution is forcjed through very fine 
a])(‘rtures into dilute suljdiuric acid, the cellulose' separatexs out again 
in the form of line shiny threads. That is how one of the types of arti¬ 
ficial silk is made. 

Ou])ric hydroxide dissolve's also in very concentratcHl alkali solutions, 
forming bhiish-violc't solutions of cu])rites. salts containing t he cjomplex 
ion l(h(()H),|": 

C^dOH). ^ 2 NaOH Na.ICutt>H),] 
or in the ionic form 

(h(()H),, * 2 OH' |(h(OH) 4 l" 

rnlike the cop])er-ammonia complexes, the (hr* ions do not add 
electrically nc'utral molc'cules iji this (?ase. but four lU'gative OH' ions, 
forming complex iiidons instc'ad of cations. 

(hijn ites are very unstable, and if their alkaline solutions are diluted 
wdth watei* tiu'y decom])ose, releasing cnipric hydroxide again as a 
])reci])itate. Thus, although cupric hydroxide does manifest some acidic 
])ro])erties by dissolving in alkalis, these properties are but slightly 
pronounced. 
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Of the otlior coinplt'x anions of bivalent eopper, mention slionlii «,,, 
made of the ions in eoneentrated so/nfi,,,,. ,.| 

cnjiric chloride and account for their green colouring: 

CuCL i-2(r;-‘|(’n('IJ' 

When the solutions are diluted with water, the [('uCI^J' ioiiN (uin 
into ordiniirv hydrated euprie ions j(’u(H 2 ()),|] . changing the colour 

of the solutions from green to blue: 

i 4H20--=|('u{H.,0).,f '-4(r 

212. Silver (Argenluin); at. wt. I07.8S0. Silver is much loss abundant 
in nature than coppci"; its content in the* earth s crust is only 4 ■ iO •’ 
per cent. In some jilaces (for instance' in (’anada) silver is found in the 
native state, but most siJver is obtained from its eompounds. The most 
im])ortant silver oi*e is .s^ilrer glance (arg(Mitite) Ag.^S. followed by horn 
silver (eerargyrite) Agd. Silver is present in greater or smaller amomits 
as an isomor[)hie admixtui*e in almost all eopper. and especially lead, 
ores. In tlie U.S.S.K. silver is extracted from silver-lead ores, de]K)sits 
of which hav(> been found in the Trals, the Altai, the Northern Cau¬ 
casus, Kazakhstan and some other ])laces. 

The world production of silver in lbr»:i amounted to 5,b(M) tons (not 
counting the I' .S.S. 11.). 

Wht'Ti tn'iitiiig c<>p})(‘r and h^ad ores coiitaiuin^ silv(*r, liu* latter is t‘xtraided 
ill till? free static witli the irhief metals. It is usuall.\' separated (Vom I lie 

e.ojipor ill tbi? proi^ess of eli'ct rolyt ic refining (see j). 5411). d\) extract silvi^r from 
its alloys with lead one of the following two methods is eni])loyed. 

The first mid hod consists in molting the lead containing the silv(?r and then 
allowing it to cool slowly. As the alloy cools, crystals of pure Icsad appear on 
its siirfaiH" and an' ladh'd out. Afti'i* the n'sidia*. has thus b('come onrielic'il in 
silv'or, it. is oxidizi'd by passing a jKiwerful blast of air through it. Th(? l(>ad is 
then oxidizi'd into k^ad oxide, while th(^ silver remains unoxidizeil. 

The H('(*ond metliod is bas(*d on the fact tliat molt(‘n zinc dof;s not mix with 
molU'ii lead, while silver dissolvt^s much better in molten ziiur than in h^ad. 

VVduai zira; is added to molttai lead containing silviM*, t h(.' latter passc's almost 
entirely into tlar zinc, whicti is then ladled out an<l distilled. 'The silver left after 
the zinc has bet'ii distille<l off is purified from a minor admixture of li'ad in the 
same way as in the fir.st method. 

Pure silver is tt very soft, ductile metal having a sjiecific gravity 
of 10.41) and a melting point of DfiO.S^’l^. It is the best conductor of 
heat and electricity among the metals. 

Silver is Jiot us(dl in tlie juire form for ])ractical purposes due to its 
softness. It is usually alloyed Avith a greattir or smaller amount of 
copper. Silver alloys are used to make domestic utensils, jewellery 
and silver coins. The content of silver in alloys is indicated by its 
standard. The standard shows how many parts of ])ure silver are con¬ 
tained in 1,000 parts of the alloy. In the II.S.S.R. silver wares are made 
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()1 silver of llie 875 standard, i.e., containing 87.5 ])er cent silver and 
12.5 per cent copper. A considerable part of tlie silver mined is used 
for ])lating other metals, which is accomplished at present only gal¬ 
vanically. 

Silver is one of the least active metals and is situated almost at the 
bottom of the electrochemical series. It is not oxidized in the air at 
ordinary temi)eratures or even when luxated. The blackening of silver 
objects frequently observ^ed, is due to the formation of black silver 
siil})hide AgoS under the influence of hydrogen sul])hide (iontained in 
the air and also due to (jontact wdth food products containing sul])hur 
com|)ounds. 

Hydrochloric and dilute sulphuric acids do not attack silver. It is 
usually dissolved in nitric acid. 

Silver forms only one series of salts, the solutions of wliich contain 
coloni'less Ag' cations. 

S'ilrrr oxidr Ag/). When solutions of silver salts are treated with 
alkalis one* would cx])ect to obtain silver hydroxide AgOH, but instead, 
a brown precipitate of silver oxide is thrown down: 

2 AgXO;, f 2 NaOH 2 NaNO,, + Ag/) -f 

Silver oxide dissolves ])(‘rceptibly ij\ a large (piantity of w^ater im¬ 
parting alkaline properties to the solution. Such a solution w ill colour 
litmus blue and, like alkalis, preci])itates the liydro.xide of many metals 
from solutions of their salts. Obviously, the solution contains some 
amount of silver hydroxide AgOH, w'hich is quite a strong base. This 
is confirmed also by the fact that silver salts are not hydrolyzed. 

Another oxide of silver is silver peroxide Ag.jO^ wdiich forms uikUm' 
the action of ozone. 

The most im])ortant silver salts are the following: 

1. Silver nitrate AgNO;„ known also as lunar caustic, forms colourless 
crystals, readily soluble in water. It is ])repared by dissolving silver in 
nitric acid a?id is employed in medicine for cauterization, as silver-ion 
oxidizes organic snbstaiues, itself being reduced to metallic silver. It 
serves as a raw' matcM'ial for the ])reparation of other silver com|)ounds, 
is used in the photogia|)hic industry, in th(‘ manufactnn' of mirrors 
and in galvanoplastics. 

2. Silver chloride AgCI forms as a white curdy precipitate, insoluble 
in water aiuJ acids, whejiever Ag'-ion encounters (T-ion. In the light, 
silver (;hloride gradually dai-kens, due to decom])osition, during which 
metallic silver is liberated. Silver bromide and iodide ])Ossess similar 
pro])erties, but, unlike silver chloride, these two compounds are 
yellowish in colour. On the contrary, silver tlnoride AgK is soluble in 
water. 

Comjdex compounds of silver. Like copper, silver possesses a ])i’o- 
nouiued tendeiu^y to form complex compounds. 
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Many silver compounds, such as AggO, Ag(^l and others, though insol¬ 
uble in water, dissolve readily in ammonia solution, ^flie reason for* 
their dissolving is the formation of complex ammonia-silver ions 
[Ag(NH 3 ). 2 l* when ammonia molecules encounter silver ions. 

in the case, say, of silver cliloride, the reaction can be re])resented as 
follows: 

AgC^l Ag- 1 (T 

pn'ripitatr sohiOoi; 


- NH 3 

lAglNH^),!* 


A certain cjuanlity of Ag' ions passes into stilul.ion from the silver 
chloride, and a dynamic equilibrium is established lad ween them 
and tlie precij)itate. W'Iumi ammonia is added, its molecuIc^s (combine 
with the silver ions into complex |Ag(NH;j) 2 r nnis, and the e(pii- 
librium begins to shift continuously to the right until the entire |)reci|)- 
itate dissolves. Thus, in ammonia, solution silver exists as the com 
plex cations | Ag(XH 3 ).),] ‘. But together witli them, there is always 
a certain, albeit insignilicant, amount of Ag‘-ion left in lh(‘ solution 
due to ionization of the complex ion according to the ecpiation 

lAg(NH3).,r ;-.\g- ! 2NH3 


If the solution is tic^ated with an alkali, no |)recipitate will result, 
though solutions of ordinary silver salts, as we have seen abovt‘. 
immediately give a precipitate of Ag./). E\ idently, the concentration 
of silver-ion in the ammonia solution is too small for the solubility 
product value of AgOH B) be reached, even 

if an excess of hydroxyl-ion is introduced. IIoweNcr, if potassium 
iodide is added, a |)re(M|)itate of silver iodide will be thrown down. 
This shows that Ag* -ion is present in solution. No matter how small its 
concentration, it j)roves to be high enough to form this |)reci])itate, 
as the solubility product of AgT is only 1 > 10 i.e., much smaller 

than tliat of AgOH. Likewise, hydrogen sul])hide gives a precipitate 
of AggS, as the solubility |)roduct of the latter equals 1 < 10 
According to the above equation, the ionization of |Ag(NH 3 ) 2 ]* 
ions, like tlie ionization of any other weak electrolyte, obeys the I^aw 
of Mass Action and can be characterized by a corres])onding constant 
referred to as the instability constant of the complex ion: 


[Ag-l-INlL? , 


10 8 


The instability constants of various complex ions differ greatly 
and may servo as a measure of the stability of the complex. 
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Kspt^cially stable coni|)lex ainoiis result when Ag' ions unite with 
(‘N' ions. 

Jf f)otassium eyanide is added to an AgNO.j solution, a wliite 
|)reci])itate of silver cyanides results: 

Ag- ; AgCN 

In an exeess of potassium eyanide tlie pr(K!i])itate dissolves readily, 
passing into the coni])l(‘x salt K|Ag((^\),) which exists in solution 
in the form of the ions K* and [Ag((‘N) 2 J': 

Ag(\\ -r KCN -= K|Ag(rN)J 
or its ionic equivalent: 

Ag(/N 4 (^N'- |Ag((^N)J- 

If the solution is eva])orated. K|Ag(CN).^| crystalli'/(\s out in tlu* 
solid state. 

IAg((^N) 2 ]'“ion is very stable: its instability (jonstant is 1 x It> 
'rh(‘r(d’o]*e, even the addition of potassium iodides to a solution of 
K1 .\g(('N) 2 | will not cause Agf to precipitate out. But if acted on 
with hydrogen sulphide, a ])reei|)itatc of Ag.>S s(q)arates. owing to 
th<' exceedingly low solubility ])roduct of silver suljdiide. 

Complex argenticyanide coni|:>ounds are used for galvanic silv(T 
jdating, as solutions of ordinary silv(T salts, when (‘lectrolyzed. do 
not give dense adherent layers. When current is ])assed through the 
ar’genticyanide solution, silver de])osits on the cathode at the expense 
of the insigniticant quantity of Ag'-ion formed due to ionization of 
the corn|)lex anion: 

(Ag(CN)2l' Air^ -f- 2CN' 

All silver c()mj)Ounds are readily reducible, liberating metallic silver. 

If a little glucose or formalin is added as a reducing agent to an 
ammonia solution of silver oxide in a glass vessel, metallic silver is 
de])osited as a dense shiny mirror-like layer on the surhice of the glass. 
This method is now employed for the mariufacdure of mirrors as 
well as for silver plating the interiors of the glass vessels used in 
thermos bottles to decrease heat losses due to radiation. 

Pliotoirrapliy. Silver salts, especially the chloride and the bromide', owing to 
their ability to d(H?oinpost? under the action of light with the liberation of 
mt'tallie silv^er, are wtdely used in photography for t lu'. preparation of sensitized 
plates, films and papt^rs. 

Photographic; platcis and films art; preparoci as follows. A ccjrtain amount of 
g<‘latine is addeci to a warm solution of silver nitrate, which is then mixed 
with a solution of KBr. Silver bromide; and potassium nitrate form according 
to the; eejuation: 


AgXOg f KBr - AgBr 4 KN(>3 
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Owiii^ to tht* i\'f of thep'latiiu*. tli(‘ sil\"(*r l)roini(l(' doc^s not 

|)n‘ci[)itat(\ Init remains siisjiended in a very finely divide*! state. 'FIh* resulting 
liirbi<i li(|iiid is referr('d to as “silver* broiiiidt' emulsion” (thou|j:h it would lx* 
mor(‘ eorrt'cf to eall it a suspension). As AgHr is not sensitive' enough wtien 
^■ery finely divi<fe<l, the emulsion is li*fi. stamlin^j for a time in a warm place 
until it hi'eoiiu's rip(\ i.i'., until the de^n'e of disj)ersit.y of tlu' silvt'i* bromide 
dc'creases an<l larpri'r ])artiek's an* forrnetl; this increase's the se'nsitivity of the* 
.Auflir by huneirt'ds of time's. 

Afie'r ripening, the> (‘inulsiem iscoe)leel, anellhereisultinggelaline'jelly is cruslu'd 
anel waslie'el witf» wate'i* to re'inove' the' KNOg. The'ii it is me'lte'el anel applie'el 
te) glass plate's ea* ce'lluloiel films. All tlu'se ])re)e*e'sse's art' e*arne‘el eait in ivel light 
wliich eloe's not ae*t on sih e'r breimiele'. 



Fig. 14S. Ne'gative* (e/) and pe)sitive 


If a photographic plate* is e‘xpe)se'el to light it elarkt'us very sleiwly. Iloweve'r, 
this pre)ee'SS e-an be* grt'atly ae*eM*leratetl by the^ actie)n em the' plate; e)f varie>us 
substance's ctille*el dcwhijura. It is reanarkable* tluit a elt*ve'lopt*r is capable; of 
<lee*om|)osing (rcelucing) silver breaniele* eaily afte'i* the latter has be'C'ii ex])ose'd 
te> light for at le'ast a ve*rv she)rt time* (frae*lie>ns e>f a sex*onel). 

4’o obtain ati image* of atiy subj»'e*t e»n a phologray)hic })late, the latter is 
plae*e*el in a citrnc'ra anel is <*xposeel for a \'e>ry short time* te) the* rays aeimittc'el 
b>- the* le'iis (ratlie'r, by a syste*m eif e*e>n\’e*rging le*nse*s) ed the* e*ainera, whie*h 
throw an images e)r the* subje'e-t e)nfe> the* f)lale*. If the plate is the'ii itnnu'rsi'el 
in a ele*\ e‘le>per se)lutioii (t his bt'ing de.»ne in a elark roe^m by rexl light) the c'x])e)seMl 
parts of the* ])late elarken rapielly, anel the image* of the subje'e*t phe)te)graf)he'el 
appe’ars e»n the* yilate*. 'fhis proe;e*ss is e*alle*el dvvvlftpih(j. Afte'i* tlie* image; has 
Ix'e'ii de vt*lope‘el, it is fixe**l liy immersing the* plate; in a solutieai of soelium 
lliiosulphate* (hype») X^a^S.^O.,. The »ineleeomy)oseel siKe'r breimiele* elissolve's in 
this solution, the* silve*r anel thieisiilphate* ions e*ombiiiing inte) e*oniy)le'x iems, 
preibably eif ilie* ce>inpe»sitiein (AgCS^O^)|': 

Ag- + s,(V 



'Phis ^ivfs tli(‘ tH'tfaltrr, a ri*vt‘r.s(*(l oti which tin* li^ht pans of lh(‘ 

sn})jcct. appi*ar ciarU aiv<l vic(‘ versa (Fi^. 14 Sa). 

The normal imajj(‘ oi‘ fjnsitu'c. (Fi^. 14S h) can be printed from the iu‘pati\'e 
on sensiti/.ed paper, ])refuired in th(^ same manner as iVie plate. For this ])virpost‘ 
tiie negativi* is jtlaeed on the ])aper and (‘xpos(‘d to li^ht hn* a short time, then 
1h(‘ papi*r is dev(*lop(*d an<l fixc'd. 

Som(‘ tyi»es of pajK*r have silv(‘r ehl<»rid(^ in their sensiti/,e<! layer inst(‘a<l 
of silver l)romide. I’rint ing on such paper does not ret ju ires subset jiitait develoj)ing. 
the ])a.j)(^r being h(*ld in tlu* light und<*r the iiegat iv(‘ until a visible image appt*ars 
tui it, aft (‘I* which tht* ])rint is fixtMl. 

213. (iold (AiiriJiii); id. \vi. M>7.0. (iold occurs in nature almost 
excinsively in the native state, maiiiJy. as tiny grains embedded 
in qiitirtz or mixed with (piartz sand. The only natural comjtound 
of gold is yold Ulluridr AuTe.^* ^li»ior amounts of gold are eontained 
in iron, lead and eopjter sul])hide ores. Traces of gold liave hetm 
detetded in sea water. The total gold content in the earth's crust 
is estimated at 5 ,; 10 ' per cent. 

The L'.S.S.lv. has gold deposits in Siberia and the Urals. Majoi* 
gold deposits have been discovered in South Africa. Alaska, (Canada 
and Australia. 

'fhe gold is separated from the sand or ground (piartz rock (‘ither 
by washing with water, whi(;h carries off the sand ])article.s as the 
lighter fraction, or by treating the sand with various licpiids ca])ahle 
of dissolving gold. The most (H)mmonly used liquid is a solution 
of sodium cyanide NaUN, which dissolves gold in the ])resen(^e of 
oxygcMi, converting it into the complex anion [Aii(('N) 2 r: 

4Au f + i 2 H/)-4lAn(CN)2y r4()H' 

(Jold is nsnally extracted from the resulting solution by means 
of zinc filings: 

2[Au(CN).,l' -f Zji |Zn((;^N) 4 j" ] 2 An 

'The pre(*i])itated gold is treated with diliitx? sulphuric acid to 
se})arate it from the zinc; then it is Wtashed, dried and freed from 
im])urities (mainly silver) by treatment with hot (‘oneentraU'd sulphnricj 
aeid or by electrolysis. 

The method of extracting gold from its oivs by dissolving in ])otassiuin 
or sodium cyanide solutions (knoAvn as the cyanide method) was 
discovered in 1S43 by the Russian engineer R. Ibigration. This medhod 
is now the most widely used in gold metallurgy. 

The world gold out])ut in 1953 (not eonnting the U.S.S.R.) totalled 
752 tojis. 

Rure gold is a bright yellow lustrous metal with a spoeitie gravity 
of 19.3 and a. melting point of l,003'T\ (iold is v(>]*y malkiable and 
ductile; it can be rolled into leaves less than 9.0902 mm. thick, and 
one gram of gold can be drawn out into a thread 3,429 met res long. 
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(;rold is ail excellent conductor of heat aiul electricity, being inferior 
in this lespect only to silver and copper. 

Owing to its softness gold is used only in alloys, usually with 
silver or copper. (3old wares usually contain about 5S per cent gold, 
and coins about 90 ])er cent. 

(•heinically gold is an inactive metal. In the air it does not change 
at all evcni if strongly heated. The acids taken separately do not 
attack gold, but a inixture of hydrochloric and nitric acids (acpia 
regia) dissolves it readily, converting it into Au(1., (rather, into 
H(AuCM.,I). (h)ld dissolves just as readily in elvloriiu^ water and in 
the solutions of the alkali cyanules. Mercury also dissolves gold, 
forming an amalgam, which is a solid if the gold content exceed.s 
15 per cent. 

(h)ld forms two oxides, (turoNs oxide AiuO and auric oxide Au^O.^. 
and two corresponding series of comjiounds. The most important 
and stable com])ounds are those of trivalent gold (the auri(‘ series). 

When dissolved in a(pia regia gold pa.sses into ehloroaurie acid 
HlAudJ, a com|)lex com])ound crystallizing into yellow needh'-like 
prisms with four moU'cules of water (the usual conmiercial gold prc])- 
aration). This acid gives distinctly (aystalline salts, such as Na(Au(l 4 |, 
the solutions of which contain gold as the comi)le.\ anion [Aud^l'. 

If Hl AiKM^] is gently heated, H(1 is driven off and gold chloride 
(III) or auric chloride AuClj, droj>s out as reddish-brown crystals. 

.Alkalis react with solutions of ehloroaurie acid, preci|)itating 
luown auric hydroxide Au(()H) 3 , auric acid, as it ])Ossesses 

weak acidic properties and forms salts. At 1 (>()"(• Au((>H )3 loses 
water and ])a.sses into l)rowii auric oxide Au^Ojj. 

If gold cliloride (Ill) is heated iii a stream of carbon dioxide to 
IStf'C, gold chloride (1) or aurotos chloride AuCl results, this being 
a white substance, slightly soluble in water. From solutions of AiiCI 
alkalis ])i*eci|)itate violet aurous oxide An./). 

All gold (H)m]>ounds decompose readily wdien heated, liberating 
metallic gold. 



( HAPTKIi XX 

TIIIIOKV UV FORMATION OF OOMFLFX CO>lFO(M)S 

iM I. StriiHiiro of Cotnplox CoiiipoiifHls. hi disciissin^ the elements 
of the (M)|)|)er suhgroiij) we saw that the ions of thes(? elements are 
capable of (u)mbinin]|^^ witli other ions or neutral moh^enles (such 
as NH.j) to form more elabf>rate ‘‘eom]ilex ' ions. If water is eva|)orat(Hi 
from solutions containing complex ions, tlie latter combine with tin* 
ions of the opposite sign ])resent in the solution, producing various 
'■comj)lex (u)m])ounds.'’ 

The formation of comj))e\ compounds cannot b(^ ex|>lained from 
the standpoint of tli(‘ conventiona] theory of valency. Their com- 
position is far from conforming with the valency number employed 
in deriving the formulas of the sim])ler “binary'’ com]>()unds, i.e.. 
coni|iounds consisting of only two elements. For this reason fruitful 
study of com])lex com))()unds became possibh^ only after c(u*taiji 
iK^w conc(^ptions of valency bonds had been introduced into chemistry. 
Tfi(\se conceptions form the basis of the theory of complex comj>oun(is 
sugg(\sted in 1803 by Alfred Werner (1800-1010), a professor of 
the Ziiricli University. This theory is now known as the Coordinatioi) 
Theory. 

According to tlie coordination theory one of the ions in the molecule 
of any com])lex compound (usually ]X)ssessing a positi\'e charge) 
occupies a central position and is caile(l the complex former or central 
ion. In the direct vicinity around it are arranged, or as we saA' coor- 
diiialed, a certain number of ions with charges opposite to that of 
the central ion or electrically neutral molecules, called addends 
and forming the inner coordination sphere of the compound. The 
rest of the ions, not contained in the inner s])here, are farther away 
from the central ion and constitute the outer coordination sphere. 

Fig. 141) shows diagraminatically the structure of the complex 
salt KgfPtdg]. The complex former in this case is the ion and 
the addends arc the (U“ ions. The outer coordination sphere contains 
K ' ions. 

To distinguish between the inner and outer s])heres in formulas 
of complex compounds, the addends are enclosed in square brackets 
together with the com])lex former. 
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Wlieii a com])lex e()iii])oiHHl dissolves in water tlie outer spliere 
ions split off. For this reason their bond with the eenti’al ion is called 
ionogfciioiis. On the other hand, (he ions oj* inoleeiiles coordinated 
in the inner s])here (the addends) remain bound to the central ion. 

_ Ibrming a stable, non¬ 



dissociating (or almost 
so) com])lex ion. Foi* 
instaiue, lon- 

i/<\s according the 

e(jnation: 

In most cases compU'x 
com|)onnds result from 
reactions between sub¬ 
stances in aqueous so- 


149. Strucnir(‘ nt K.^ (PKMg) liitioHs. But sometimes 


(he complex conqKuind 
may form under other conditions. For ins(anc(L anhydrous calcium 
chloride combines directly with ammonia info the com])lex salt 
|(^a(XH3),|(1... 

The (juestion as to which of the ions (U)ntained in the com|)lex 
com])onnd belong to the inner splien^ and which to the outer, is 
solved by studying the ])roperties of the compound. ('onsid(‘r, for 
ins(ance, the structure of the following complex com])ounds of ])la(- 


inuni as exi)Iain(*d by the coordination theory: 




P(ri, i> K("l 


The first of these com|)ounds. PtClj t) XH.j, is an elec(roly(e, 
ionized in solution. Jf treat(Hl with silver nitrate, all the chlorine 
contained in it is y)recipitated as silver chloiide. Apparently, all four 
chloride ions are in the outer sphere of the* compound, as they are 
(‘asily split off* in solution: therefore, the inner s|)here consists only of 
ammonia molecules. The stru(*ture attributed to this compound is 
therefore [ ^(Nfrj^lC^l.i. 

The second com])ound, Pt('l.,'4 NH.^, is also an electrolyte, hut 
the electrical conductivity of its solution is lower than that of th(‘ 
first (rom])ound in solution: hence, it forms less ions. Silver nitrate* 
will precipitate only half the chlorine (i.e., two ions of the four). 
The structure of this com])Ound should therefore be re^presented as 
I P( (XHa).,! TJCh. As there are only two chloride ions in the outer 
sphere, only th(\v can s])lit c)ff in solution and be |)recipitated by 
silver nitrate. The other two chloride ions are includc^d together 
with th(^ four ammonia molecules in the composition of the inner 
sphere and remain linked to the platinum ion in solution. 
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The third eompouiul, PtCl^ ^ is a non-electrolyte. Its solution 
practically does not conduct current and gives no preci|)itate with 
silver nitrate; hence it must be concluded that all four chloride 
ions are ])Jirt of the inner sj)here, together wdth the two ammonia 
molecules. The structure of this comj)ound is expressed by the formula 
I IH(NH 3 ) 2 Cl 4 ]. As the outer s])here does not contain a single ion. 
tliis compound will not vS])lit off any ions when dissolved. 

Finally, the last compound indicated, PtCl 4-2 KCI, though an 
electrolytes gives no silver chloride precipitate when its solutions 
are treated with silver nitrate. It can be established by excliang(‘ 
reactions that the solution contains potassium ions, (hi these grounds, 
the structure of this compound should be re])resentcd l)y the for 
mula K 2 !Pt('!,.]. In this case all six chloride ions are in the inner 
s])here, whereas the outer s])her(‘ consists only of two potassium 
ions. 

To give a more grajihic idc^a of the structure of complex compounds 
they are often re])res(mted by (daborated structural formulas, such as: 


Cl 

Cl 

Cl 

NH, NH, 


Cl Cl 

n* 



XH 3 NH 3 


Cl ci- 

Cl 

('1 

Cl 


lPt(.NH2)4(T>](T> K.lPtaj 

The total number of neutral molecules and ions linked to the central 
ion in the com|)le.\ c()m])ound is called the coordination number of 
the comjiiex former. For instance, in the ])latinum compounds shown 
above, the coordination number of the complex former, which in 
this (;ase is the Pf^ ’ ion, equals six. The coordination number plays 
a no less important jiart in the chemistry of complex compounds 
t han the valency numbers of atoms (ions), and is just as fundamental 
a property of the latter as valency. The coordination number depends 
mainly on tlie size, charge and electron shell structure of the complex 
fonner. The most common coordination number is 6 ; it is found, 
for instance, in iron, chromium, zinc, nickel, cobalt, tetravalent 
])latinum; a coordination number of 4 is characteristic of bivalent 
cop])er, trivalent gold, bivalent mercury and cadmium. Other co¬ 
ordinations are sometimes also encountered, but much less frequently 
(for instance 2 in the (;ase of silver and univalent copper). 

Like valency, which does not ahvays manifest itself in full in the 
com])ounds of an element, the coordination number of a com])lex 
former may also at times be smaller than usual. Compounds in which 
the maximum coordination number characteristic of the given 
ion is not attained, are termed coordinaiioiially iiiisaturated. Such 
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coin})ouncls are comparatively scarce among typical complex com- 
pouiuls. 

The clmrqv on a complex ion equals the algebraic mini of the chargis 
on its constituenf mmplv ions. For example: 

Ag* 4 :?(‘N' |Ag((^N),r( 4 - I ... - I) 

Pf ••• + {Mr - [PtriJ" { i 4 ()- -- i>) 

Tlio electrically neutral molecules contained in a com])lex ion. 
such as NH 3 . NO, etc., do not influence its enlarge. Therefore, in 
determining th(' charge of a comf»lex ion these molecules need not 
be taken into account. If the entire inner coordination s])here consists 
of neutral molecules only, the charge on the coinj)lex ion equals 
that on the com])lex former, for exam])le: 

Oir- + 4 XH 3 - [Cu(NH 3 ),]*‘ 

'fhe charge on a complex ion can he judg{‘d also by the (charges 
on the ions contained in the outer coordination s])here. For instance, 
in the eomj)ound K 4 I Fe(('N)p,] the charge on the com]>l(^\ ion 
|Fe(CX)^.|"" equals 4, as the outer spliere contains four ])ositive 
singly cliarged i»otassium ions, whereas the molecule as a whole 
is electrically neutral. Hence, the charge on the complex former is, 
in its turn, also easy to determine, if we km.)W tlie charges on the rest 
of the ions contained in the complex com])oumJ. 

Neutral molecules contaijied in the inner coordination s])here of 
a com])Iex com])ound can he successively dis|)laced hy other molecules 
or negative ions. For examj)le, suh.stitnting the ammonia molecuk\s 
in the complex cobalt salt |Fo(XH 3 )j.](l 3 by XO.^' ions, the following 
compounds (^an be obtained: 


|(V,(x\H 3),NO,|(%; (('<)(NH3),,(N0,),|(-|; ((iu(NH3)3(NO,)3l 
|('o(NH 3 ),{N 03 )JK : 1('o(NH 3) (NO^yK^; ICoiNO^yKs 

it is clear that this dis])lacement is a(!Com])anied by a gradual 
(ihangi^ in tlie charge on the complex io!i, which decreases from - ,‘l 
on the [C’o(XH.,)(.]'* ■ ion to —3 on the (('0(N()2)6]"' 

The ])latinuni compounds described above, viz., | Pt(NH 3 ) 4 Cl 2 ]^'U- 
I Pt(XH 3 ). 2 ( 44 ] and K.jj|J*tC\]. may also be regarded as products 
of successive rejdacement of the ammonia molecuies in | Pt(NH 3 )g|('l 4 
by two, four and six chloride ions resfiectively. 

215. Oystal Hydrates and Double Salts as Complex Compounds. 

Of especial interest is the possibility of ammonia molecuies being 
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r)r><) 

(lis])laoe(l in a (toni]»lex by water molecules. In the case of chromium, 
for instance, the following series of com]>lex comi)oun(ls is known : 

l(V(NH,)J(:i3: irr(NH,)5H,()l('l3; l('.r(NH.,),(H,())#:i3: 

'I1ie last compoiiiKl of this series is nothing hut th(> ordinary ci vstal 
hydrate of chromium chloride ( VCl.j-O HoO. Thercfon', th(‘ crystal 
l»ydrat(‘ of chromium chloride is essentially a com])lex com])ou]id. 
which in solution splits off’ the ions |O(H 20 )f.]' ' ’. 

( Vystal hydrates containing six molecules of water are encountered 
very often : for instance, the crystal hydrates of Fed 3 . Nidor AK’l.,. 
etc. According to the (coordination theory the structure of all of them 
is analogous to that of the crystal hydrate of chromium chloride, 
viz.: 

[NiCH.OyCl^: |AI(H./)yda 

Likewise, other crystal liydrates should also be r(*gard(Kl as com])lex 
salts, although part of their water of crystallization may be contained 
in the outer s|)hei*e. For instance, the stnucture of the (crystal hydrate 
FuS ()4 r) HgO i.s probably: 

Wry close in nature to complex salts are lh(^ so calk'd double 
salts, for instance, ordinai'y alum: 

KAIiSO^). 12 HoO or K^SO^ AI.>(S() 4)3 i>4 II.O 

Lik(‘ double salts, complex salts are often foruued from two sim|>le 
salts ami can be r(c]lr(^s('nted by formulas analogous to those of double 
sa I ts. F()r ex a m]) le: 

Ag(^N f K(\\ - K|Ag((^N).,J or Ag(^\ K(\\ 

The chief diff’erence between doubke and com])lex salts is tliat 
u])on ionization the form(?r yield all the ions found in solutions of 
the simple salts they consist of: 

KA1(S()4)2- K* -f AI-*- ^ 2S()4" 
the latter, on the other hand, ionize into c()m])lex ions: 

K[Ag((A^).,l - K* I lAg{(^N).,r 

However, no sharp dividing line can be drawn between the two 
type's. As we have already seen in the case (.)f silver salts, complex 
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ions are themselves capable of ionizing. Depending on the degree 
of ionization com])lex ions may be divided into more sta})Ie and less 
stable ions. For instance, a solution of the com|)lex salt K 4 |Fe((^N)(.] 
does not respond to a single tc^st for Fo* * or CN' ions; therefore 
the |Fe(('N)g]"" ion ionizes according to the equation 

lFe(('N)(;r'" 4 OTN' 

so insigniticantly, that it can practically be considered unionized. 
Hut the ])resence of silver ions in a sc^lution of [Ag(NH;j) 2](1 can be 
detected with certain reagents (see § - 12 ), showing that the | Ag(N H 3 ) 0 ] ‘ 
ion is somewhat more ionized than the |Fe((^N)g|"" ion. Finally, 
a solution of the salt K|]\lg('l 3 l responds to all tests for magnesium- 
and chloride-ion, viz., alkalis precipitate Mg(()H) 3 , silver nitrate 
throws down AgCl. etc. Obviously, the ionization ecpiilibrium 

IMgCl.KirjMg*- -f :irr 

favours the left-to-right reaction. On these grounds K|Mg 0 l 3 | is 
usually regarded as a double salt and its formula is written Kd • Mg( 
Thus, double salts are the same as com])lex salts with the differemee 
that their inner coordination sphere is rather unstable. A greater 
or smaller amount of complex ions ai-e always present in a solution 
of any double salt. 

21<>. Spatial Arraiiarmrnt of ( oonliiialtMl Oroiips in a t'oinplrx Coinpoiiiul. 

It WHS slaltMl abdv't* that chc?}! (•()inj)lox former is characleri/.ed by a dfhiiitt' 
i'oordination number, for instance, tlic coordination number of 14^1 ion is fi. 

tliat of tlic (^i“ ’ ion is 4, ('ter. Th(* fact 
^1 that <lilTcrcnt ions have difforcnl- coonlina- 



Fig. l/)0. Constitution of Fig. 151. "rrans-isom<'r(loft) and 

the complex ion [FtClg]^“ cis-iflorn(‘r(right) 


tion numb(*rs is (jIoscIv conneettMi with tla? con(u>pt ion of tho sjiatial arrange¬ 
ment of the (joordinated groups (nioleculo.s and ions) around tho central ion. 
Studying the isomerism of c()mj)lex compo»inds, Werner cam<i to tho con- 
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(‘hisioii that W'liori tin? coonlliiat ion niiinbf:r (H|iials 6. the* coordinator I jirr)iips 
should l)t‘ arranj^cd syniinr'trir^ally arr)und tht‘ c(‘iitral ion. forinin**: a rt'/j^iilar 
r)Clah(Mlron (Fig. 156). if all thc> (*r>ordinatrMl gioups an* identical, as sliown 
in t hr* figure, thrar ])crrnutations will not, of c-oursc. (*aus(* any change in tin* 
struct un* of thr-i cornpir’x (‘oinpountl. Hut if thr* groups arc m»l irir iilical \ ai’ious 
arrajigrant*nfs an* possihlr*. rr‘sulting in tliftert*iit isr)iners. And ind(*erl, r*xf)ia-- 
iinenti sliows that, say, tlie (‘oinpound ( Ft (X H M , J, in wliicti t fie coonli* 
nation numh(*r of jilatinuin is 6. ttiiii 
exist in two isomeric forms rliff(‘ring fioth 
in colour and in ot hi'i* firopra’t it^s. 'fhr^ 
struct urt's of tfir\sr* isomr*rs, according to 
\V'<*rnt*r, art* sfiown diagraiiimat ically in 
Fig. 151. Jn one cast* the XH., molr'tailr's 
are locaterl at o])]»osit<‘ corn<*rs of tfir* 
octahedron (tlie trans-isomer), while in 
the otfir*r tfir‘\' art* situatt'd at atljactait 
peaks (the cis-isomt>r). S])atial isomt*rism 
of this kintl is t)hservr‘d also in a numher 
of otht‘r t^om])lt*x etimjioiintls with six 
groufis in tht*ir inner s])fier<‘s. 

\Vt*rnt‘r’s assumptions t^oncr*rning thr* 
oetahr‘<lraI structurt^ of 6-co<a*<lination 
com])lex comptiuntls wra't* firilliantl.N' con- 
firmt'tl wht'ji thr* crystals of tht* r-orrt*- 
spontling ctmipountls wcrc! inv't'stigattMl 
hy X-ra\s. Fig. 152 shows thr* crystal 
lattitH* of the ct)m])lt'x salt KolFtFl^j. In it thr* cotnpk'X ions | Ft(’I,.] art* sit uatt*tl 
at tfir* cornt'rs anti fact* centres of a cuIh'*. the t*hloritl(* itins within tht* t*t)mpit‘x 
ion. l)t*ing locatr*<l at tin* corn<*rs of a rcfgidar octaht*tlron. ".rhus, tin* IFt(^l,.| 
ion is not only rr*tairietl in solution hut is alsti an indt*pentlt*nt structural unit 
in the crystal lattice. 

in 4-coordinafit)u t*om])l<*x compountls tfu* ct>ortlinatt*tI groups art* t'ither 
siluatetl at tfu* cornt*rs of a square, tht* tu'ntrr* of’ whieli is ot*cu])itMl by tht* 
ct>m[>l<'X ftirnit^r, tir thr* complr*x former is at tfu* tM'iitrt* of a tr*t rnhetlron anti the 
coortlinatt'tl grtuijis at its ])t*aks. 

217. Aatiirp ot* the Forces Causing Complex Foriiiaiioii. Now tliat 
we have become acquainted with the structure of complex compounds, 
we may pass over to the nature of the forces causing the cliemical 
bond in their complex parts. 

Tn exjdaining the formation of complex compounds, reference is 
now made to the two general theories of formation of chemical com- 
ponnds discussed earlier, namely, the electrostatic theory and the 
theory of covalent bonds. According to the first of these, the bonds 
between the central atom or ion and its addends is due to electrostatic 
attraction between the ]iarticles and is of a nature analogous to ionic 
bonds. 

The second theory explains complex formation proceeding from 
the conce})tion of electron })airs binding the addends with the com])lex 
former, just as in ordinary atomic compounds. 

Let us see, for instance, how the electrostatic theory ex])lains the 
formation of the typical complex salt KglFtClel^ ^ ])roduct of the 
combination of platinum chloride PtCl 4 and ])otassiiim chloride. When 



Fig. 152. (^'vslal lattici* «>l‘ 
K.,|Ft(M„J 
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])latinuiTi reacts with chlorine each platinum atom yields four electrons 
to chlorine atoms, and turns into a Pt^' ion. 

l^he Pt^ ‘ ions unite with the resulting (diloride ions to give tlie 
salt J^td^: 

4c- 

Pt f 2 (^2 - in Cl 4 

But the ])resenee of four Cl ions by no means de})rives the Pt^ 
ion of the ability of influencing other chloride ions. Therefore, if 
there happen to bo any iji the vicinity, the Pt^ * ion immediately 
begins to attract them. However, ax>l>roaching tlu^ IV ion, each 
Cl ion is at the same time repelled by the four chloride^ ions alr(^ad\' 
tliere. If tlie attractive force of the PC ' ion is greater than the force 
of re])ulsi()n. more chloi ide ions will be added. As they accumulate 
the repulsive force increases, and when it finally exceeds the force 
of attractiem. the addition of new ions will crease. In our case, this 
moment arrives when the platinum ion is linked with six chloride 
ions (the four initially combined and two new ones). The resulting 
groii]). consisting of one Pt**' ion and six V\ ions and containing 
two excess negative charges, is the com])lex ion [PtClf.] . Adding 
two j)ositive K' ions which form its outei‘ sphere, the ion turns 
into the com|)lex salt K. 2 |Pt(Hg]. 

The addition of neutral molecules to the (jornplex former is just 
as simple to exjilain. Jt must only be taken into account that usually 
the molecules taking ])art in the formation of com|)lex ions are those 
with ])roiiounced di})oles (such as HgO, NH^). Attracted by the 
electric field of the com])lex former, these di])oles becoiiK* orientated 
in a definite manner with rcs])ect to it and a])])roach it with their 
o])positely charged j)oles. forming the complex ion. Inasmuch as 
the mutual repulsion of ])olar molecides is much w^eaker than that 
of ions, such com])lex ions are usually very stable. 

Thus, according to the electrostatic theory, the formation of (;om- 
])lex ions in complex compounds is due to the same electrostatic 
forces that account for simpler binary comj)ounds. The difference 
is only in the mechanisms of these processes. In simple binary com- 
})ounds the valency bond ap])ears as a result of the transition of 
electrons from one set of atoms to another, after which the ions 
formed are linked by mutual attraction of the unlike charges. In 
com])lex C()m})ounds. on the other hand, ready-made ions (or ])olar 
molecides) are the particifiaiits. There is no transition of electrons 
in this case, the ions or ions and molecules being “jiulled together'’ 
electrostatically. The nature of the valency bonds is obviously the 
same in both cases. 

The other theory of formation of chemical compounds, the theory 
of covalent bonds, has been applied above to explain the formation 
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of th€> com])lex ammonium ion from 
molecule (§ J36). 

H 

H H - 

if 


a iiydrogen ion and 


H 

H : N : H 

ii 


an ammonia 


A second exam]de is the formation of the complex anion BF 4 ] 
from F ions and BF., molecules: 


F 

F 

IrF:! -i B:F- 

F: ii : F 

F 

F 


in the lioron trihiioride molecule the boron atom is linked to the 
ihiorine atoms by six electrons, the number of whicii increases to 
eight when the | BF 4 I anion is formed, at the expense of the elect ron 
jiair of the fluoride ion. 

The covalent bonds in the comyilex ions fNH 4 l’ and IBF 4 I difler 
only in origin from ordinary covalent bonds due to pairs of common 
electrons. While in ordinary covalent bonds each of the combining 
atoms submits one electron for the ])aii\ in complex compounds the 
bond is due to a pair of electrons which belonged ])reviousIy to only 
one of the combining atoms. Bonds of this kind are otherwise called 
coordination or donor-acceptor bonds. 

The atom or ion submitting the electron pair for the bond is called 
the donor, while that wliich accepts the pair is known as the acceptor. 
In the first of the above examples the donor is the nitrogen of the 
ammonia molecule; in the second, it is the fluoride ion. A similar 

j’ole may be ])layed by the oxygen atom in the hydroxyl ion [: O: HJ“ 

or in the water molecule H : O: H. the chloride ion |: (-I: , and, gen¬ 

erally, any atom or ion jiosstwsing “unoccujiied" electron jiairs. 

The a.cce])tors in the ions INH 4 J and fBF 4 ] were, respectively, 
the H ion, and the boron atom of the BF., mole(;nle, which jiossess 
incom})lete electron shells. (Jenerally, acce])tors arf> always atoms 
or ions with inconijdete electron shells, i.e,, possessing ])ossihle orbits 
in their outer electron layer, not occupi<?d by electrons. 

In concluding, it shoukl be indicated that the anions of ordinary 
oxyacids may also be regarded as com])Iex ions. For instance, the struc¬ 
ture of the sulphuric and j)erchloric acid anions. 1804 ] and l(i 04 ] , 
may he represented as follows: 


: 0 : 

- 

: 0 : 

: 0 : S : O : 


: 0 : (1 : O : 

:(): 


: 0 : 
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Coiii])lcx cc)in]K)uiuls aro exceedingly numerous and diverse. They 
are ini])ortant not only from a theoretical, but also from a practical 
standpoint. In paj*ticular, they play a very signih(;ant part in the devel¬ 
opment of (pialitative and (piantitative analysis methods and in the 
production of the chemically pure platinum group metals. 

The necessity of systematic studies of complex com})ouiids was 
constantly stressed by I). Mendeleyev. Important studies in this 
connection wei-e carried out as early as tiu* end of last century by 
Academician Kurnakov, but of especially grctat signilicance in the 
investigation of complex compounds were the works of L. diugayt'v. 

was 

horn in lS7a. in Moscow. Ih‘ rccci\(Ml 
an tMliicafion at tl>c Unixersit> of' 
M<»s(m)w. 

(^hu^ayn\''s first slialics v\(‘i'c dcvol- 
cif to <]iicKtions of organic chemistry. 
In lOn.'I )Mi)))ishc(l a ina.jf)r work 
<'ntitl(‘(l “Inx-cst i^at ions in the Kick! 
of T(‘r|)(‘rK‘s and (Viinphors." which 
gained liiin his Master's degree. Soon 
afti'i* ('huga\(‘\' was entriistejf with 
the clniir of (dit^mistry at tiu* Highc'r 
d\Mdini(*al Scliool of Moscow, which 
gav(' Iiiin th<‘ opj>ortiinitto consid- 
erahly i‘xn*nd fiis n‘search. How(!Vi‘r, 
h<‘re h(^ turned fiis scientific actix ilies 
<dii<dly to tfi(‘ study of(r(nn])lex coin- 
poiiiuis of co|)per, nickel, cohalt, 
iron. silv(‘r, |>latiniiin and palla¬ 
dium. 

Studying tla‘ interaction het we(‘n 
various organic sid)stanc(*s and inor¬ 
ganic compounds, ( ■hugayc'V discox- 
ta*etl many lu'xv coinyjk'X compounds 
major theoristical im|H)rfance for 
proving tin* coordination theorx’; at 
thc‘ same time they were of grtatl 
pra(dieal intcrcjst. I'hus, he olUained 
compounds of nick('l and })alladiiim 
with the orgajiic suhstaiujc* diirudhyl- 
glyoxirne wliicdi has h<‘<'n ust'd (w'cr siinre* in lahoratori(\s all ov(*r th(^ work! 
for qualitative and quantitativ(‘ doferiiiinations of Ihest^ elements. 

In 1U07 (Uiugayev bc^came hea<l of Die chair ()f inorganic chemistry 
at the Fi^fershurg University, where he (umtinuc'd his investigations mainly 
in the fhdd of thi’i yilatiniim group metals. (nnjgayt;x'’s i^lassicral xvorks on the 
metals of the j>latiniim group not only eiiriiduul scucikh? wdth nexv facts and 
new' eomyioimds, hut also outlined the trojid of subseipaait invc»stigations in 
this field. 

Another point to Ohugay(*v's credit w'as the organization in 1918 of the 
Platinum Institutt*, thc^ works of whitrh have yilaycid an impiirtant yiart in the 
develoyaiK'nt of the Soviet platinum industry. 



Li*x' Alexaji<lrox’ich (-hugaxcx 
(1873-1922) 



('hai‘tj:k XXI 

SITCOM) iniOlIP OF TIIK PFIMOOK TABLE 

Tlic second ^rou]) of the Periodic Table inelndes elements containing 
two electrons in the outermost layer of tlieir atoms and capable of 
yielding only these two electrons. The typical (elements of the second 
group are hvrylliuvi and niaynesium. l1iey are followed by calcium, 
sironiinnK barium and radium, elenumts situated in the evem series 
of the long f)eriods and having octets in their second last layers. 

Tlie six elements named constitute thes mam suhfjrovp af the second 
(jroup, Th(' secondary subgrouf) includes the metals zinc, cadmium and 
mercury, situated in the odd series of the long periods and having 
eighteen electrons in the secojid last electron layers of their atoms. 

MAIN SI BBIKHTP OF TUB SBFONO OIIBUP 

... Atomic “Aloinic; . . . ■ . 

.Syinlml ;niiiMl)(>ri Arraiif'f'rrjiMit »vf »‘loflrons in lnyin 


Mcrvlliinii .... 

!?<• 

9.013 

4 

2 

2 



Miigiicsiuiii . . 

Mg 

24.32 

12 

2 

8 

2 


(’alrium. 

Cm 

40.0S 

20 

2 

8 

1 ^ 

2 

Strojitiuiii ... ; 

Sr 

i S7.03 

3S 

2 

S 

JS 

s 

I^ariiiTii. i 

Bh I 

137.30 

50 

2 

S 

IS 

IS 

Hiidiiirn. | 

Bu 

220,05 

ss 

2 

S 

IS 

32 


tJIH. (lieiieral Features of the Main Subgroup of the Second (iroup. 
All the elements in the main subgroup of the second group, exce})t 
beryllium, j)ossess distinct metallic properties. In the free state they 
are silvery-white substances, harder than the alkali metals and having 
rather high melting and boiling points. In specific gravity all of them, 
except radium, are light metals. Their chief physical constants are 
given in Table 30. 

The two electrons in their outer layer lacing at a considerable distance 
from the nucleus, the atoms of the main subgroup elements part with 
them easily, turning into positively charged ions. Therefore, in chemical 
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activity these elements are but little inferior to the alkali metals. Like 
the latter, they oxidize quite rapidly in the air and are capable of 
dis])lacing hydrogen from water at ordinary temperatures. Thit ber\'l- 
liiim and magnesium react with water very slowly, as the hydroxides, 
resulting from these reactions, are very sparingly solul)le in water; coat¬ 
ing the surface of the metal, the hydroxides retard the further j)rogress 
of the reaction. The other four metals reac^t with wat(‘r moie vigor¬ 
ously, as their hydroxides are more soluble. 

Tahir :W 

(iiiof Physical ('oiistaiits of the Klciiiciits of the Main Siihc^roiip of the Sccoiifl 

twroiip 


, ncrvllium ^^**P*''■ (‘alojuni SIkui- ; 13ariiim , Kadiiitii . 

(’onstuMts : s.uin t.iirn ; 

; 'Mii Sr ; 

i . ■ ■ ■ . : I. ■■■; 

Sj)ecifi(r piivity. l.S2 1.74 1.54 2.6 5.5 | ;>.() 

M(4tingp()int, 1,285 651 851 770 704 060 

Boiling point, 12,970 1,107 1.440 1.570 | 1,540 '1,110 

j Atomic radius, A .... 1.15' 1.60 1.97; 2.16| 2.25 

Calcium, strontium and barium of tlie main subgrou]) have long been 
known as the alkaline-earth metals. The origin of this name is connect¬ 
ed with the fact that calcium, strontium and barium hydroxides, like 
sodium and potassium hydroxides, have long l)een known as “alkalis'* 
and have alkaline pro])erties; on the other hand, their oxides resenit)le 
aluminium oxide and the oxides of the heavy metals somewhat in 
refractoriness, the latter oxides having been known formerly as 
earths. 

Combustion of the alkaline-earth metals always I'esults in normal 
oxides of the ty])e MO. The j^eroxides, if they form at all, are much less 
stable than those of the alkali metals. 

Calcium, strontium and barium oxides combine directly with water 
to form hydroxides. The solubility of the latter increases rapidly in 
the order Ca, Sr, Ba, reaching 5S gr. per litre in the case of barium 
hydroxide. The basicity of the hydroxides increases in the .same order. 

Like the alkali metals, the alkaline-earth metals are capable of 
combining with hydrogen to form hydrides (for instance, CaHj,). 

A remarkable tendency of the alkaline-earth metals is that of com¬ 
bining with nitrogen, this tendency increasing with their atomic weight. 
The alkaline-earth metals combine slowly with nitrogen even at ordi 
jiary tem])eratures to form nitrides. 

Unlike the salts of the alkali metals, many of the salts of the alkaline- 
earth metals are but sf)aringly soluble in water. These include the car¬ 
bonates, sulphates, phosphates and some other salts. 

The alkaline-earth metals are only bivalent in all their compounds. 
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219. Beryllium; at. wt. 9.013. Beryllium occurs rarely in nature (its 
content in the earth’s crust is 0.0004 ])er cent by weight). It is contained 
in several minerals, the most common of which is htryl BeaAlgCSiO.,)^. 

Some varieties of beryl, variously coloured due to traces of admix¬ 
tures, are j)recious stones. Such, for instance, are green emeralds, 
bluish-green aquamarines, etc. 

Metallic beryllium is ])re|)ared by electrolysis of its fused salts. It is a 
very hard, white, light metal with a specific gravity of I.S2, stable in 
the air owing to the formation of a ])rotective oxide film on its surface. 
Beryllium is hardly attacked at all by water, but it dissolves readily 
in acids, liberating hydrogen. 

A very characteristic feature of beryllium is that alkalis will also 
dissolve it to give salts known as beryllates, in which beryllium ])lays 
the ])art of a non-metal: 

Be [ 2 NaOH - Na^BeO, r H. 

Kodiuin horylUiln 

Metallic beryllium ])ossesse\s many lemarkalile profierties. Thin 
lieryllium plates are good transmitters of X rays and are therefore 
uneciualled for the ])reparation of the yiarts of X-ray tubes through 
which the rays aie to jiass. Alloys of berrylium w ith magnesium and 
aluminium are very light and strong, wdiich accounts for the growing 
use of beryllium in aircraft engineering des[)ite its high cost. Alloyed 
w ith copper, berylliurn gives a very hard bronze, suitable for the manu- 
fa(?ture of excellent springs. 

Highly ])ure beryllium is used in nuclear reactors. The metal used 
for this ])urj)ose must not contain more than 1 gr. of boron ])er ton 
of beryllium. 

Owing to the valuable pro])erties of beryllium, its ywoduction keeps 
rising rapidly. In 1935 only 5 tons of beryllium ore were mined; in 
1953 the world production (not counting the ILS.S.R.) Wras over 
S.600 tons. 

Kfrylliuw oxide BeO is a white, very refractory substance wdiich 
combines with w'ater into beryllium hydroxide. 

Beryllium, hydroxide Be(()H )2 is pronouiieedly am])hoteric, which 
distinguishes it shar])ly from the hydroxides of the typical alkaline- 
earth metals. It is practically insoluble in w^ater, but dissolves readily 
both in acids and in alkalis, forming beryllates iji the latter case: 

Be(OH)., H 2 NaOH NagBeO^ f ^ H./) 

As the acidic ])roperties of Be(0H)2 a/re very feeble, beryllates 
are completely hydrolyzed in a(|ueous solution. 

The majority of beryllium salts, including the sulphate, dissolve 
readily in water, wliile the sul])hates of the typical alkaline-earth 
metals are practically insoluble in w'ater. 
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220. llaj^iK^siiiin; a(. w<. 24.32. Magnesium is ratlier widespiead 
in nature. It is found in large quantities as inagnesiuin carbonate^ 
in the n inerals mmpivsitv MgCX)^ and dolomite MgCt).^ •CaCX)^. Mag¬ 
nesium sul])]iate and ehloride are contained in the ])otassium ininerals, 
kainite KCl •MgS 04-3 HoO and amialUte K(H-Mgdo O HoO, and are 
cojitained also in sea watei*. a(*(u)unting for its bitter taste. The total 
content of magnesium in the eartlrs crust is about 2.35 per cejit 
1)V weight. 

]\lagjie\sium is ])re])ared bv electrolysis of fused magnesium ehlorid(‘. 
or more often })y electrolysis of fused earnallite. 

Magnesium is a silver-white, very ligld metal with a specifics gravity 
of 1.74. It changes little in the air as it rapidly l>eeom€\s coated 
with a thin film of the oxide, which protects it from further oxi¬ 
dation. 

Although maguesium is far above hydrogen in the e.m.f. series, 
it decoinjioses water very slowh', as stated above, owing to the for¬ 
mation of sparingly soluble magnesium hydroxide. Maguesium 
dissolves readily in acids, liberating hydrogen. Alkalis do not act 
oji magnesium. When heated, magnesium bursts into flame and 
burns, forming magnesium oxide find a minoi* quantity of magnesium 
niti’id(‘ MgjjNo. The light emitted by burning magnesium is very 
bright and very ri<*h in ultra-violet rays. For this reason, magnesium 
is sometimes used for illumination in ])hotogra])hy. Magnesium is 
used also in |)yrotechnics. 

The chief field of application of metallic magnesium is for the 
])re])aration of various light alloys. The addition of small amounts 
of other metals to magnesium sharply changes its mechanical l)ro])- 
erties, imjiarting to the alloy considerable hardness, strength and 
resistance to corrosion. Es]3ecial1y valuable ])roperties are possessed 
by tlu? alloy ehrfron (about 90 per cent magnesium, the rest being 
aluminium, zinc, manganese) which, owing to its low specific gravity 
(1.8) and considerable strength, has found wide use in aircraft en¬ 
gineering. 

The world ])roduction of magnesium, which amounted to but 
several hundred tons in 1915, reached 23.8 thousand tons in 1938 
(not counting the U.S.S.R.) and 380,000 in 1944 (not counting the 
IT.S.S.R.). Tlie ])resent out].)ut of magnesium has grow'ii still more in 
connection Avith the wide use of its alloys in industry. 

"J'he first metallic magne^sium jdant in the U.S.S.R. was started up 
in 1935. Magnesium was obtained here by electrolysis of magnesium 
chloride. Later on, Soviet magnesium jJants began to work almost 
exclusively on earnallite. The development of the magnesium industry 
in the U.S.S.R. was greatly aided by the investigations of Prof. Fedo- 
tyev (1874-1934), the founder of the Soviet school of electrochemists. 
In the course of man^^ years P. Fedotyev carried on a systematic 
stud\' of the conditions of electrolysis of magnesium salts, and as 
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early as 1915-17 organized the first produetion of magnesium at a 
pilot plant in Petrograd. He partiei])ated dire(^tly in the mastering of 
the industrial method for the pre|)aration of magnesium. 

Magneshim oxide MgO is usually prepared by caleining natural 
magnesite Mg(X) 3 . It is a whiter loose powder, known more eomrnoiily 
as ynaxjneda. Owing to its high melting point (al)out ;i,0()0“ 0) teehnieal 
magnesium oxide is used for the manufaeture of refraetory crucibles, 
pipes and bricks. 

Miupiedun) hydroxide ]\'Ig(()H)j, is thrown down as a white j)reci|)i- 
tate when soluble magnesium salts are treated with alkalis. Unlike 
lie(OH)*,, it ])ossesses only basic ])roperties. being a base of moderate 
strength. Magnesium hydroxide is slightly soluble in water and makes 
it react alkalin(\ 

'J'he most widely u.sed salts of magnesium are : 

Magnesinw fodphale MgS() 4 * THgC), or Epsoyn mtlfs (see ]). .‘14X), 
unlike the sulphates of the alkaline-earth metals, dissolves readily in 
water. The solubility of this salt and its crystalline structure make 
magnesium similar to zinc. 

Mtajiiedmu chloride MgUl 2 * 6 H 20 forms colourless, readily soluble, 
delicpiescent crystals. The hygroscopiedty of unpurified table salt 
is due to insignificant admixtures of MgfT^. 

Magnesimn carhonede MgUO,^ is found in natun^ as the mineral 
magnesite. If soluble magnesium salts are treated with soda, the result 
will not be the normal carbonate, but a mixture of different basic 
carbonates. This mixture is used in medi(^ine lujder the name of 
irhile rnagnema . 

Of great industrial importance is the basic salt ]Mg()Ht1 which 
forms owing to hydrolysis when a magnesium chloride solution is 
eva])orated: 

Mg(T, + H 2 O ^ MgOHCl + HUl 

Th(^ technical ])roduct is ])repared by mixing magnesium oxide with 
a eoiuentrated aqueous solution of magnesium chloride and is called 
magnemi cement. I'his mixtui-e hardens after some time, turning into a 
compact, w^hite. readily ])olishal>le mass. 

Hardening of the mixture is due to the formation of the basic salt 
according to the ecpiation: 

MgO -f MgClo + HgO - 2 MgOHCl 

Magnesia cement is used as a binding material in the manufac¬ 
ture of millstones, whetstones, various ])lates, etc. A mixture of 
magnesia cement and sawdust is used under the name of xylolite 
for flooring. 

Other wddely us€?d comj)ounds are the natural silicates of magne¬ 
sium : talc 3 MgO • 4 Si 02 • HgO and especially adjestos CaO • 3Mg0 • 48100 . 
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Tlie latter, owing to its non-llamTiiabilitv, low tliernial conductivity 
and fibrous structure, is an excellent heat insulating material. 

Magnesium salts are contained in small quantities in all soils and 
are necessary for plant nutrition, as magnesium is one of the consti¬ 
tuents of chloro])hyll. 

‘221. ('aleiiiin; af. wf. 10.08. Calcium is very widesfuead in nature as 
a great variety of compounds. We have already mentioned the imnumse 
<le])osits of limestone, (^halk and marble, which are the natural forms 
of calcium carbonate CaCO.^. Other natural com|)ounds found in large 
quantities aie gypsum CaS() 4 - 2 HoO, phos])horite Ca.,(P 04)2 and vari¬ 
ous calcium-containing silicates. The total content of calcium in the 
earth's crust is 3.25 })er cent by weight. 

^letalli(^ calcium is })re])ared by the ehn'trolysis of molten calcium 
<*hloride. It is a malleable, rather hard, white metal, melting at 
S5l^ (\ In the air calcium rapidly becomes coated with an oxide film, 
and if heated, burns with a bright reddish flame. (Vilcium reacts with 
cold water rather slowly, hut displaces hydrogen rapidly from hot 
water, foi niing calcium hydroxide. 

Oalcium is a very active metal, combining readily with the halo¬ 
gens. sul])hur, niti’ogen, and leducing almost all the metals from their 
oxides when heated with them. 

.Metallic calcium is added in small quantities to certain bearing alloys. 

If heated in a stream of hydrogen, metallic (calcium coinbim^s with 
the hydrogen to form a hydride. 

Calcium hydride CafL is a crystalline solid which reacts violently 
with water, liberating hydrogen: 

CaHg + 2 H./) - Ca(OH)2 i 2 

2 H '(from the fiydride) — 2 c" — H ^ 

2 H * (from water) 4- 2 e - H ^ 

Owing to its ability to liberate a large cpuintity of hydrogi^n (44.S 
litres for every gram-mol(‘cule of OaHo, weighing 42 grams), calcium 
hydride is used under the name of “hydrolyte ’ for the preparation 
of hydrogen to fill oltservation balloons in th(‘ field. 

Calcium axidc CaO is a white, very fire-n^sistant substance, which can 
be melted only in an electric furnace at a ternperaturt^ of al>out 3,(KH)" (\ 
In engineering calcium oxide is usually called iiuicklimc or burnt lime. 
'fhe latter name indicates its method of ])reparation, namely, by cal¬ 
cining or “roasting’’ calcium carbonate (limestone or chalk). 

Limestone is roasted in tall vertical lime kilns. The kiln is charged 
with alternate layers of fuel and limestone and is fired from below. 
When calcined, the calcium carbonate dissociates into carbon dioxide 
ami lime: 

CaiCO^ CO^ i (^aO — 34.0 Cal. 



A])plyiiig the Law of Mass Action to this equation and keeping in 
mind that the concentration of the solids is not included in the ex- 
|)ression for the equilibrium constant (p. ISIl), we lind: 

ICO2J K 


As th(‘ concentration of a gas can be ref)res(uited l)y its partial 
pressure, the resultant ex|)ression means that equilibrium is attained 
in th(' !*eaction in question at a certain d(dinitc partial pressure of 
carbon dioxide. The value of this ‘'equilibrium” f)ressure for various 
tempeiaturos is as follows: 

'l\‘iii|)f>nitiire, ('.r»ni) aoo 700 soo ‘)uo i.uoa 

l*n‘SHur(‘, nun. Hf?. 0.1! Ifis Tlti 2,710 

To shift the established equilibrium towards the formation of fresh 
]»ortions of (ViO, either the tem])erature must be raised, or part of the 
('(>2 formed must be removc'd, to lower its pailial pressmxi. If at any 
(letinite temperature the partial j)ressure of the carbon dioxide is 
ke])t lower than the etjuilibi iuin jnessure, the decomposition 
will ])roceed continuously, 'rherefore, a v(‘]*v im})ortant factor in roast¬ 
ing limestone is good vent ilation of the kiln, ])romoting removal of the 
(‘ai'bon dioxide and enabling the reaction to be carried out at lower 
tem))cratures. 

If (iuieklirne is treated with water, the latter is first absorbed by 
th<^ porous lumps of lime and then reacts with it. liberating a consicl- 
erablc! amount of heat. Part of the water turns into steam ajul the 
lumps of lime fall a])art into a loose mass of calcium hydroxide: 

(ViO : H./) - (^a(()H)2 i lotVil. 

This operation is called ‘ quenching” the lime, and the resulting ])ro- 
duct is known in practice as dalml lime. 

Calviinn hydrorldx CafOH).^ is a strong base, sparingly soluble in 
water; one litre of water at 2(P C will dissolve only 1.56 gr. of (’a(0H).2. 
The saturated solution is called liine water and reacts alkaline. In the 
ail* lime watei* soon grows turbid, due to the absorption of caiijon 
dioxide and the formation of insoluble calcium carbonate. 

Slaked lime is widely used in the building industry. A mixture of 
slaked lime with sand and water is called mortar and is used to bind 
bricks in bricklaying, as well as for plastering. Lime hardens at first 
due to evaporation of the water in it, and then as a result of the slaked 
lime absorbing carbon dioxide from the air and turning into calcium 
carbonate. 


(^a(()H)., t CO. - (^a(X):, i H 2 O 
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Owing to tlie low content of carbon dioxide in tlie air, the mortar 
liardens very slowly, and. as it evolves water in doing so, strnctun's 
built with tile use of mortar remain damp for a long time. 

The most important salts of calcium are: calcium chloride Oad., 
(p. 303). calcium sulphate 0 a 804 (p. 343). calcium carlionate 
(]). 411), calcium nitrate CaCNOa).^ (]>. 3S2), calcium ])hosphate.s 
(j). 300). calcium acid sulphite (^(HSOa)^ ([)• 33S) and calcium hypo¬ 
chlorite (^(4())o (p. 30S). 

Owing to the great abundaiUH' of calcium in nature, its salts are 
almost always contained in natural waters. Of the natural salts of cal¬ 
cium. only gypsum is slightly soluble in water; however, if the water 
contains carbon dioxide, calcium carbonate can also j)ass into solution 
in the form of the acid carbonate Oa(H(X) 3 ) 2 . 

Natural water containing a large amount of calcium salts in solu¬ 
tion in the form of the acid carbonate and the sul[>hate, as well as the 
corres])onding salts oi‘ magnesium, is referred to as hard water in 
contradistinction to soU water containing but small (juantities of cal¬ 
cium salts or not containing them at all. 

Hardness of water caused mainly by is called temporary 

oi- removable hardness, as boiling will cause this salt to de(H)m[)ose 
into calcium carbonate which |)i(‘cipitates out. so that tlie watcM* h('- 
comes soft. If the water contains ('a 8()4 or Mg 8 (),,. its hardness is 
permanent, and can be eliminated only by distillation or by chemical 
means. In the IT. 8 . 8 .H. the hardness of w ater is exjiressed as the total 
number of milligram-equivalents of calcium and magnesium ions fier 
litre of w ater. ( 3 ne milligram-ecpiivalent of hardness corres])onds to a 
content of 20.04 mg. ])er 1. ofCa’ ' or 12 .lt) mg. per 1. of Mg* *. Prior 
to 1052 tlie hardness of w ater used to be measured in degrees oHiard- 
ness. slunving the numb(‘r of grams of calcium oxide jiresent in 
100 litres of water. The magnesium content and t hat of other bivalent 
metals was recalculated for an equivalent amount of PaO. In terms 
of the now a(^ce])ted units of measurement, one degree of hardness 
equals 0.35663 mg.-equiv. of calcium- or magnesium-ion. 

An exemjilary computation of the hardness of water is given below*. 

Example. Calculatt* tin* toUil hardn(*ss of wairr if it look 10.6 grains ofsodn 
to ivniov(^ all 1h(‘ (^a'*-ioM froin 50 Iitni.s of it. 

From the rrpialirais 

|CaCX)., | 2 Xall(Xl., 

(’aSO^ -f X"a.>(X)., — C.iCOg f Na.S( )4 

we 6n(l that one gram-inoleeult* of soda is required for (‘ach gr.-ion of eakaiirn, 
making oik^ rng.-eceiiv. of smla for eaeh rng.-efjuiv. of Ca**-ion. 

inoleeiilar weight of soda is 106, th(*reforc, out* mg.-equiv. w(‘ighs 
106: 2 53 mg. 

'to pre(;ipilate the Ca*--ion (;onlained in 50 litres of water, 10.6 grains or 
10,600 milligrams of soda wcTe required, whieh makes 10,600: 53 200 rng.-e(|uiv. 

Obviously, 50 litres of water contain the same number of mg.-e(|uiv. of 
Oa’*-ion. Hence the hardness of tho water is 200: 50 - 4 ing.-cquiv. 
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The presence of a considerable ainonnt of calcium or magnesium 
salts in water renders it quite unsuitable for many technical purpose's. 

For instance, if steam boilers are fed for any lengtli of time with 
hard wat(;r their walls gradually become coated witli a conqiae;! crust 
of scale. If only J mm. thick, this crust greatly reduces the h('at trans 
l*er through the walls of the boiler, and therefore increases th(‘ fuel 
consumjition. Besides, it may lead to swellings and cracks in the boil¬ 
er tubes and on the boiler walls. Breaking the scale off by mechanical 
means may injure the boiler. 

Hard water doe\s not froth with soaj). as the soluble sodium salts of 
jialmitic and stcmric acids, contained in the soa]), pass into insoluble 
calcium salts of the same acids: 

-('ivHast'OONa H (‘aSO, - i \ Na.SO^ 

This continues until all the calcium-ion is removed from the solu 
tion. That is why the use of hard water in washing clothes leads to 
an e\'cessiv(’‘ expenditure of soa]>. 

Hard wat(U’ (cannot be used for cei’tain technological processes, for 
instance, in dyeing. 

The above examjiles illustrate the necessity of cai*efull\' purifying 
water intended for technical purposes from calcium and magnesium 
salts. 

Water may be ])nritied by various methods, the most imj)ortant 
of which are the chemical ones, consisting essentially in the precipi¬ 
tation of the calcium and magnesium as insoluble salts. The reagents 
most commonly used for chemical purification, are slaked lime and 
.soda. Lime converts the acid carbonates of calcium and magnesium 
into the insoluble carbonates: 

Ca(H(X)3)2 - Ca(0H)2 - I (^aCO^ -f 2 H 2 O 
soda also precijiitates calcium ajid magnesium as carbonates: 
C^aS()4 + Na2C()3 | CiiCO,, ^ Na 2 S 04 

In laundries hard water is sometimes softened by means of spirits 
of ammonia, the action of which is similar to that of lime, or by means 
of borax, which precipitates the calcium as calcium borate. 

A method of softening water w^hich has found wide application in 
industry is by ionic exchange (cationite, permutite or zeolite method). 
This method is based on the ability of certain alumosilicates of tlie 
type NagAlaSiaOg-^^HaO to exchange the sodium ions contained in 
them for the calcium and magnesium ions present in w^ater, thus re¬ 
moving the latter from solution. Such alumosilicates are know'u as 
zeolites. 
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If passed through a layer of finely divided zeolite hard \vat(*r is 
ooinpletely freed ofC^a*'- and Mg*‘-ion. The reactions which take 
place can be represented schematically by the following equations; 

NagH 4- Ca(li( t)3)2 CaR f I’NaHtT).., 

NiuR f (ViSOj r (ViK^ { Na^SOj 

where H stands for the complex aliimosilicate anioji (AlaSigOs ’ oO) 

When all the sodium in the zeolite is substituted by calcium (or 
magnesium), the zeolite loses its ability to soften water, but can (easily 
be r(\generated by the action of a concentrat'd solution of Na(T 
I’his causes the reverse reaction to take place, the calcium being r(‘- 
placed by sodium. Tluis, in this nu'thod of softening water only sodium 
chloride, a com])arativeiy cheap |>roduct. is (consumed. 

Various artificial resins, high molecular organic substances con¬ 
taining acidic or basic functional groups, can also be einj)loye(i for 
abstracting the ions of dissolved substances from water. Itesins 
which can be used as cationites contain carboxyl grou])s (X)()H, 
sul])ho grou])s SO.jH, and others, capable of exchanging their hydro- 
gen ions for nu'tal ions. Such cationites are called HDenot¬ 
ing the molecular radical combined with the functional grou]) by li, 
the reaction of an H-cationite with metal ions, say, with the ions of 
sodium and calcium, can be represented by the following ecpiations: 

RCOOH + Na* H(X)ONa ! H* 

2 lU/OOH -4 (^a* ' (R(X)())., (Vi t 2 H* 

As a result of these reactions any solution containing salts (say 
NaVl. (ViSO^, etc.) is converted into a solution of the corresjKmding 
acids (HVl, HjjS() 4 ). 

To remove the acids the solution is ])assed through an (inionih . 
a resin containing amino grou])s. The acids are then bound as a I'i'sult 
of th(' formation of insoluble salts. Denoting the anionite by tin* for¬ 
mula RNH^. the reaction taking place in the case of a solution of 
hydrogen chloride, for example, can be re})re\sente'd by the ecjuation: 

RNH 2 4 - HV\ - [ RN 

This method gives |)ractically [)ure water without the trouble of 
distillation. 

l"sed Ilf) H-(?ationites and anionites can be regenerated, the lirst 1>\' 
treatment with concentrated sulphuric acid, and the sec(md by ticat- 
jnent with concentrated sodium hydroxide solution: 

2R(X)()Na + H 2 « 04 - 2 RtX)()H ! Na-^SO^ 

IRNHalCI -f NaOH - RNH.^ + Nad -f- H./) 
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Mroiitiiiiii; at. \v1. iS7.(>S. Uariiitii: at. \vt. 137.8t>. Stroiitiuni nn<l l)ariijrn 
are found in nalur(> ehi(*fly as the sulphate's and earbonatcis. Tht^v form the 
minerals: vvlvstilv SrSO^, ntnyutiunjlc SKH).,, baritv l^aS ()4 and witherite BaIXfa. 
'The (‘onte*nt of strontium and barium in the earth’s crust is much smallc'r than 
that of ealeium, and (‘(juals, r<*sp('etively, 0.0:i5 and 0.05 i)er e(*nt by we'ij^ht. 

Metallic strontium an<l barium ar<‘ prt'parod in the* same manner as calcium, 
by i'liM'tr<»lysis of their fused chlorides. Tfuise* mc'tals are very active', oxidi/e 
rapielly in the* air, nMict (juite* vigorously with water (e>sj)ecially ))arium) an<l 
<'(nn})in(* elircctly with man\' (‘lennents. 

SfroHfiutn an<i harlum SrOand BaO, re^semblf*. lime*. Botf» motals also 

form peroxides. litmtun penuidr BaO.^ is pr<‘parcd by hf^alirij*: barium oxide 
in air to apj)roximately 500" (\ At a highe'r t<*m])eral ure^ it will d(‘ce)mf)ose back 
int<» (heoxieleand ox\’^<*n. I’his wastlie basis of e)nc e)f the methods of obtaiiiin^; 
ox>’;i:en from air, which Itas, how<‘v<‘r, at pn'sent, become obsoltMt'. Barium 
peroxiele' is use'fl, like' sodium ]M‘re)xid<‘. for ble*actiin^ \'arie)us mate'rials. 

SfrontInth and httrunn hi^drn.ridrs. Sr(().H).^ and Ba(()H)^, are' strem*.: l-’a.se*s, 
more soluble* in wate'r than calciimi h>’<lroxiele: one litre of wate^r at 20 i* will 
disse)l\ «‘ vS ^ 1 *. of Sr(()H)^ anei ,‘kS ^v. e»f BiifOll)^, while* the* se)lul)ility of (’ii(t)H )., 
at tlc' same* te’m})e'rature* is onl\ 1.50 j^r. pe*r‘ litre. A salurate'el .se>lutiou of 
Ba(()H )2 is k!U)wn as hart/la im/rr, ane! is e)fte*n eise*el in the* lal>e>rate>rv a*^ a 
rcajzent. If a se)lutie)n e)f barium hyelreixide is e\aporated. cry slats of Ba(()H)^’ 
•5 H.^O separate* out. 

Strontium anel hrtriuui faults bew a ixnnt r«*s<*mblane‘e* to the>s<‘ of calcium. 
'I’he carbe)nate*s and sul])hat('s, Sr(Bat’O.^, SrSO^. and BaSO^. are* insoluble- 
in wat(?r and fall enit of se>lution as ]>re'ci])itares whe-n Sr- -ion and Ba---ion 
(*ncounte*r f'f and SO/'-ieui. 'I’he insolubility ed'thc'se salts is utili/e'd in analysis 
for se'paratin^ .strontium anel barium frenn oth(*r me'tals. 

A charact<*ristic feature for elistingiiishiiig tin* tliree* me'tals from one* anotlie r 
is the colour imjjarted by their ve)lutile' salts to a non-luminous flame*, (’aie-ium 
salts colour the* flame brie*k-r('el, tlie>se eif .stre)ntium, se*arle't-renl and barium salts, 
ye'lleiwish-gree'Ji. Stre)ntiuin and barium salts are* use*el in pyrotc'clmics for 
prepai’in^ re*el anel ^re'e*n Be'ngal liglits. 
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elements of this stibgroiij), zinc, cadwinm and niercurif, are eliar- 
act-erized by the presence of two electrons in the outer layer of their 
atoms and J8 in th(‘ second last layer. Although they are not ca])ab]e 
of gaining electrons, their metallic projterties are much less pronounced 
than tliose of the alkaline-earth metals of the even subgroii]). They are 
less active, oxidize with greater difficulty, do not react with water at 
ordinaiy temperatures. Their hydroxides are insoluble in water and 
are w(\aker bases than the hydroxides of the alkaline-earth metals, 
zinc hydroxide being even amphoteric. 
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All the ehiucnts of the zinc subgroiij) are bivalent: mercury, be¬ 
sides, forms a series of conipoimds in which it is formally imivalcnt. 

Zinc (Ziiiciiin); al. wt. 65.38. The most imi)ortaiit Jiatm-al 
com]:oun(ls of zinc, fnmi wliich it is extracted, are the minerals 
.smifksymih' or dr// hone Zm(M).j and sphahrile or zinc blende ZnS. The 
total content of zinc in the earth's crust is 0.02 ])er (^(mt by weight. 

Most zinc ores contain l)iit little zinc and require concentration. 
Zinc is extracted from the resulting zinc concentiate eit hei- by distilla¬ 
tion or by electrolysis. 

Th(‘ first method depends on the fact that zinc volatilize^s and is 
driven off as a vapour wlnm zinc ore is roasted and then reduced with 
coal at 1.300 to 1.400 (A The zinc vapour condenses in earthenware 
receivers. J^irt of the zim; deposits on the walls of the reec^iven* as metal 
lie dust mixed with zinc oxide (‘‘zinc dust"): but most of the zinc; 
accumulates as a liejuid at the bottom of the receiver, from which it is 
tapped into moulds. 

The second method consists in depositing the zinc electrolytically 
from its sul])hate. 'Phe latter is obtained by treating roasted zinc ores 
or concentrates with sulphuric acid. The electrolytic method yields a 
purer ])ro(luct and is more economical than the distillation method. 


'riu* fli'ct i if Tiu'tliod (»f‘»‘xt raert iiiji/.inc from its oiu's consists of tht‘ follow¬ 
ing o]>frati(His: a) roastin^jj the ore, l>) ])r('|)ariii^ the' /.iiic siilp]uit(> soliitio?i. 
f) electrolysis of tliis .solution. 'Vho on' is ro(iste<l uikU'P cojidit ions calculated 
to convert as inueh of the zinc sulj)hide as ])ossihl(‘ int.(» the sulphat(‘. Part of 
tlic sulphide in<‘\ ifa,t)ly turn.s into the* oxide, arid is ct)nvcrted to the sulphate 
})>■ the action r»f sulpliurie acitl. 'Fhe r('sultine zinc sul])hat(' solution is trc'ated 
witli zinc dust to n'niove iTn]»uriti('s of the more nohle metals, situated l)elo\v 
zinc in tlie e.in.f. s('ri(‘s (cadmium, cobalt, nick(‘l, h'ad, etc.). Then tla* solution 
is electrolvzf'd. 'Idle zinc is evolv(‘d on an aluminium catliodc' as a dejiosit 
containintr 99.5 f)er c('nt zinc, M'liile sulphuric acid forms at tli(> iea<l ano<lc, 
owin^ to accurnulalion of hydrogen-ion and SOf -ion, in (piantities (juit<* sufti- 
cient to dissoKe the* suhse(|uejit jiortions of ore. 


Zinc deposits have been found in the U.S.S.II. in Kazakhstan, 
in the Urals, in the North Caucasus, in Siberia and in the Far Fast. 

Zinc is a bluish-white metal having a s})ecific gravity of 7.14. 
It melts at 419.5'^ C atid vapourizes at 907'^ (\ At ordinary temperatures 
zinc is rather brittle. But at 100 or IKf'CMt becomes quite flexible 
and can be rolknl into sheets. Tn the air zinc becomes coated with 
a thin film of the oxide or the basic carbonate, which protects it 
from further o.xidation. Water hardly attacks zinc, although it is 
well above hydrogen in tlie e.ni.f. series. This is due to the fact that 
the hydroxide forming on the surface of the zinc when it reacts 
with water is practically insoluble and (ihe(;ks the further j)rogress 
of the reaction. But in dilute acids zinc dissolves readily, giving 
the corres]>onding salts. Besides, zinc, like beryllium and other metals 
with amphoteric hydroxides, is soluble in alkalis. If zinc is heated 
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in air to the boiling point, its va])our bursts into flame and burns 
witli a greenish-white flame forming zinc oxide. 

1 he uses of zinc are very divcirse. More than half the zinc ])roduced 
is used for coating iron to kee]) it from rusting (galvanized iron). 
Large quantities are employed in the manufac^ture of galvanic colls 
and for the ])re])aration of numerous alloys (for instance, brasses). 

The world out})ut of zinc (not counting the U.S.S.Il.) amounted 
to 2.1 million tons in 1954. Up to the beginning of the First Five- 
Year Plan zinc was produced in but insignificant (piantities in the 
I'.S.S.II. (a few thousand tons ])er year). During the years of the 
pre-war five-year plans the yaiw. output increased gieatly and grew 
especially during the ])ost-war period. 

In 1^55 zinc production increased twofold compared with 11)50. 
This was achievc'd both by starting up new |)lants and by considerably 
intensifying the work of earlier installed equipment. During the 
Sixth Five-Year Plan a further 77 ]>er cent increase of the zinc output 
has been envisaged. A very important factor for the successful fulfil¬ 
ment of this task is the use of the fluidized roasting process for zinc 
concentrat(\s. 

"Fluidized hed'^ /vy/.s/Z/zr/. The so-called ‘'fluidiz(^d bed'" roasting 
|)rocess for finely divided solids has lately found wide application 
in various branches of industry. This method consists in t he following. 
A stream of air (or some other gas) is blown upwards through a 
la\'er of ])ovvder(Ml material ou a grating, at a high enough rate for 
the stream to penetrate the material and agitate^ it intensively, so 
that it appears to be boiling. This condition of the solid material 
is often called ‘'fluosolid," as only sulistances in the fluid state can 
boil. 

Owing to the intimate contact attained between the solid material 
and ihi) gas. chemical reactions in the “fluosolkr’ state ])roceed 
at a very high rate. ‘ Fluidized bed ’ roasting increases the output 
of roasting ovens at zinc ])lants three- to fourfold, and results in 
more complete recovc'ry of the zinc irom its concenti*ates. 

This method is very effective foi* roasting sulidiide ores and con¬ 
centrates, i*or sublimation of low -boiling metals, for calcining, cooling, 
drying and chlorination of various substances. 

Zinc oxide Z//Y/is a loose w hite powder w hich turns yellow^ if heated, 
but b(H*omes white again when cooled. Zinc oxide is used for the 
pre|)aration of white oil jiaint (zinc wdiite); in medicine and cosmetics: 
for the preparation of various ointments; a considerable ])art ot 
the zinc; oxide produced is consumed by the rubber industry as a 
rubber tiller. 

Zme hydroxide Zn(()H )2 is throw’ii dowai as wdiite preci])itate 
wdien solutions of zinc salts are treated with alkalis: 


Zir- +2 0H'-|Zn(()H)., 
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The jtjvcipitate dissolves readily in aeids to form zinc salts (for 
<‘xaTn})Je. ZnCU) dissolvo also in alkalis, forming ziiiralrs. 

salts of ziii(i(‘ acid. Hciicc. zinc hydroxide is amphoteric. 

Formerly zincates \A(*re (*onsi(ier(’d to have a composition cor¬ 
responding to tlie formula Na.,Zn().j. At jiresent they are legardc^d 
as salts cojitaining the ccvmplex ion lZn(()H).J'. Salts of tins kind 
aie known as hydro.xysalts in (*ontradistinction to salts containing 
such anions as S() j". ('<>;/'. NO./. ct(*., refern'd to as oxysalts. Hydroxy 
sails arc obtained liy th(' action of an excess of alkali on the correspond 
ing hydroxid(‘s. n'sulting in (*om])lex compounds: 

Zn(OH),> . OH' - |Zn(OH),r 
oi‘ in th(‘ molecular form 

Zn(OH),, NaOH .Na|Zn(OH),| 

Analogous hydroxysalts arc formed wlien c(‘rtain other amplioteric 
hydroxides are treated with alkalis. 

Dissolving nu^tallic zinc in alkalis also gives zin(*ates. ''riiis r(*a(‘tion 
is usually r(‘prcs(‘nted by the ccjuation 

Zn : 2 NaOH - Na,ZnO.> ; ll.> 

Howe\er. actually the course of th(‘ reaction is probably somewhat 
different. As has been stated already, metallic zinc does not practically 
react with Avater. owing to the formation of a Zn(OH ).2 lilm on its 
sui'facc. chc(*king the furtlu'r ])rogress of the reaction. Hut alkalis 
dissolve zinc hydroxide, converting it into the comjilex anion 
|Zn(OH);j]'. and th(‘ zinc, in accordance with its jiosition in tlu' 
e.m.f. series. b(‘gins to dis])lace hydrogen from the water. Thus, 
the libc'ration of hydrogen during the action of an alkali solution 
on zinc is due to tlu‘ n^action between the zinc and the hydrogen ion 
of the watei*. and not the hydroxyl ion of the alkali; the role of tlu^ 
latter consists in dissolving the r(*sulting zinc iiydroxick': 

Zn-^ l’H,() Zn(OH).,+H., 

Zim'OH). : OJl' - |Zn(()H)J' 

Zn t 11 HJ) i OH' |Zn(OHy' : Ho 

or in tlie mol(‘(*vilar form: 

Zn i li ILO ; NaOH Na|Zn{OH),l r H, 
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ZiiK* livflroxide is soluble also in anunouia solution, due to the 
foriuatioji of the eoin])l(‘\ ion |Zn(NH.j),,|: 

Zu(()H), : 4XH, [Zu(\H,)J - ; 

'I'he most eoiuinon zinc salts are: 

1. yAnc Kidjihale ZnSO^ erystallizes out of acjueous solution as 
a (ayslal hvdi’ate of the composition ZnSO,^ • 7 IL/). in which form 
it is known as irhUv vitriol. Is used in dyeing and cotton |)nntin^. 
for the pre|)ai*ation of m(‘tallic zinc by eJc^ctrolysis and in medicine 
as an astrin^cait. Jt is also an initial material for the pre])aration 
of otluT zinc compounds. 

2. Zinr ritloridc Zn( Soluli(»ns of this salt aie used for im])re^natin^ 
1 ‘ailway ties to prote(‘t them from rotting. Zinc chloride is used also 
in sold(‘ring. It ek^anses the surfaces to be soldered from oxidtvs 
and prevents oxidation of the metal at the moment of soId(Tin^. 

Some ziiK^ chloride* is emjiloyed in the manufacture of vegetabh* 
parchment paper. 'Flu* unglued ])a])er is treated with a (*oncentrat(‘d 
solution of zinc chloride* which |mrtially elecompose:\s the surfae'C 
layers eif the eellule^se, tilling the pores of the paper with the de- 
e*om|)e)sition products. Then the pape*r is thoroughly washed and 
tieated with a solutiem e)f glycerine te) make it soft and flexible. 

Ik Zinc ,sul/thi(lc ZnS. This compe)uud is one of the few metal 
sulphieles having a white ce)k)ur. 

Zinc sul])hide lesults as a Avhite |>reci])itate Avlien zinc salts are 
t!‘(‘at(*el with alkali sulphides: 

Zn* • i S" i ZnS 


A mixture eif zinc sul])hide and barium sul])hate is use*d as a white 
]»aint, known as lithopom. 

Cadmiuiii; at. wt. 112.41. (Vielmium r(*s(*mble‘s zinc gieatly 
in pre)|)erties and is constantly asso(*iate*el with it in its natural com¬ 
pounds. 

(Vidmium is much less abundant than zinc: its content in tlu* 
eai’tirs crust amounts to only 5 \ 10 ^ jier cent by weiglit. 

('admiurn is extracted as a by-product in the production of zinc. 
As cadmium (l>.p. TtuC) is more volatile than zinc (b.p. 1M17 ( ) 
and (*admium oxide* is more easily reduced than zinc oxide, cadmium 
distills off first wh(*n zinc oies are reduced and (*an thus be sepai'ated 
from zinc. 

In the fr(*e state eadmium is a white metal with a specific gravity 
of s.O.-) and a melting ])oint of :120.9^(A (^admium stands below zinc 
in the e.m.f. series, but above hydrogen, and therefore displac(*s tlu* 
hitt(‘i’ from acids. 
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Metallic cadiniuni is used in electrical engineering for the manu¬ 
facture of copper wires subject to friction against sliding contac^ts 
(for instance, tram and trolleybus wires). 

Admixtures of cadmium improve the mechanical jiroperties of 
co])per, |)rolonging the lifetime of tlie wires and at the same time 
scarcely decreasing the electiical conductivity of the co])pe]-. Cadmium 
is also a composite jiart of fusible alloys used, for instaiUH', in auto¬ 
matic fire extinguisliers. It is added to ty|)e alloys to increase their 
lifetime and to lead-tin solders. Lately, cadmium has been employed 
qiiih' exteiisiv’ely for coaling iron (cadmium jilating). Cadmium is used 
also in alkaline storage batteri(\s (see § 251)) as a substitute for nickel. 

As cadmium has a great affinity for neutrons, cadmium rods are 
used in aucleai- reactors (s(H‘ § 21)7) to regnlah' the rate of the chain 
reaction. 

Jf strongly heated, cadmium w ill burn, turning into brown cadwiuni 
oxide CdO. 

Caditilum hydroxide C(1(()H).^, unlike zinc hydroxide, is insoluble 
in alkalis, showing that it is liasic in nature. 

An especially ijnjiortant cadmium com])()und is rodontiw .sulphide 
CdS, which se])a?*ates out as a yellow precipitate when hydrogcii 
sulphide is jiassed through solutions of cadmium salts. Cadmium 
sulphide is an excellent yellow' ])aint. 

'.rhe production of cadmium in the ca])italist countries in 11)53 
totalled (j,8l)() tons. 

225. Mercury (Hydrargyrum); at. >vi. 2(M).<)1. Mercury is not abundant 
ill nature; its content in the earth’s crust is only 5 x 10 per cent 
by weight. Mercury o(‘Curs rarely in the native state, embedded in 
rocks, l)ut is mainly found in nature as the sulphide HgS. known 
as cinnabar. This mineral is bright red and is used as a rc‘d jiaint. 

The richest deposits of cinnabar have been discoverc^d in Spain 
(Almaden) which hold about HO per cent of the world's resources 
of mercur\'. The outj)ut of mercury in the capitalist counti’ies in 
1052 totalled 5,000 tons, of which S|)ain and Italy accounted for more 
than two-thirds. In the lI.S.S.lv. mercury ores have been found 
in the Donets Basin, where they have been mined for a long time. 

Metallic mercury is extracted from cinnabar by simple roasting in 
sjiecial furnaces. The suljihur burns to form sulphur dioxide and the 
mercur}' conies off as vafiours and is condensed in a cooled receiver: 

Hg8 + 0., -- Hg 1- SO, 

Mercury is the only licpiid metal at ordinary temperatur(\s. It 
freezes at —38.87^(' and boils at 350.O'"; its specific gravity is 13.55. 

Metallic mercury has a variety of applications. It is used to fill 
various jihysical instruments, such as barometers, thermometers, etc. 
Owing to its \ery liigh sjiecific gravity, mercury is quite indisfiensable 
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ill many exjierimeiits involving gases. Large quantities of mercury 
are consumed in tiie j)re])araii(>n of mercury fulminate, used to make 
the so-(!alled ‘‘initiating'’ explosives for filling detonating fuses, 
including ordinary percussion primers. Mercury is employed also for 
separating native gold from its noiumetallic; admixtures. 

Mercury is capable of dissolving many metals to form licpiid or solid 
alloys called amalgams. This often results also in the formation of 
various chemical comyiounds of mercury with the metals. 

Sodium amalgam is widely used as a reducing agent. Tin and silver 
amalgams are used in dentistry for lilliiig teeth. 

(Jold amalgamates with especial readiness, and therefore gold 
objects shoidd never be allowed to come into contact with mercury. 
Iron does not form amalgams, and so mercury may be transported in 
iron vessels. 

Th(' mercury of commerce usually contains nu^tallic imj)urities, 
most of which can be removed hy shaking with a solution of mer- 
ciny nitrat(v, this causes all the metals above m(*reurv in the e.m.f. 
series (that is. most of tlie metals) to pass into solution. diK])lacing 
an equivalent (|uantity of mercurv from it. Mercury can be com- 
])l(‘tely ])uritied by distillation, best of all at low ])r(Nssure. 

Mer(‘ury va])ours are xi^vy toxic and may cause serious j)oisoning. 
Lven the insignificant (piantity of vapours formed at ordinary tem- 
p(‘i-atures is enough for this. I'lierefore, when working with mer- 
('urv, gr(‘at care must be taken not to d7X)p it on the floor. 

M(M'cury is the least active metal of the zinc subgroup, and ])arts 
with its electrons with greater dinieulty than the others. Neither 
dilute sulj)huric and hydrochloric acids, nor alkalis, attack mercurv. 
.M(M*cury di.ssolxes readily in nitric acid. (V)ncentrated suJ])huric acid 
Avill dis.solve mercurv if heated. 

.\Ier(uir\' will not oxidize in the air at ordinary temperatures. If 
heated for a lojig time? to a tem])erature close to the boiling point, 
mercury combines with the oxygen of the air forming red ivn'curic 
o.ridt' UgO. M'hieh. if heat(Ml still more strongly, dec^om])oses again 
into mercury and oxygen. Mercurv forms another (*ompound Avith 
oxygen, known as mercurous oxide Hg./L aaIucIi is black in colour. 
Thus, nuneury may be bivalent or univalent and. accordingly, forms 
tA\() serii's of salts. Salts in Avhich mercury is bivalent are known 
as mercuric sails, and those where it is univalent as mercurous salts. 

Although in mercurous compounds (such as Hg.20) mercury is 
ostensibly a univalent metal, it may now he considered established 
that the nu'rcury atoms in all such compounds are linked into bivalent 
groups: Hg 2 — or rig —Hg Hence, nuM'cury is bivalent in its mer- 

(‘iirous compoujids. But orie of the valency bonds of each mercury 
atom is used to link it to the other mercury atom. This linkage per¬ 
sists in solutions of mercurous salts, which contain Hg**-ion, and 
not Hg*-ion. 
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Thus, the conipositioii of iiioreuroiis salts containing univalent 
acid radicals (re])resented by K) should be ex|)ressed by the empiric 
formula and not by the formula HgH (for instance, Hg 2 (l 2 * 

not HgCl). 

One of the ])ecuJiarities of mercury is that no liydroxides of this 
metal are known. Whenever their formation might be expected, 
the anhydrous oxides result instead. Thus, when alkalis are added 
to solutions of mercurous salts, brownish-black mercurous oxide 
pi(Mupitates: 

Hg.,* ‘ ' 2 OH' - ; Hg.^O i HoO 

.Alkalis likewise ]>iecipitate mercuric oxide, and not mercuric hy¬ 
droxide, from solutions of mercuric salts: 

Hg* * 2 OH ' - : HgO f H,0 

The resulting |)recipitate is yellow in colour. I)ut if heated changes 
to reel mercuric oxide. 

The movst important nuMcairy salts are: 

1. Merciinj nitrate (1) or mercarom nitrate Hg 2 (NO.j). 2 , one of the 
few soluble salts of '‘univalent'’ mercury. It is obtained by tht^ action 
of dilute cold nitric acid on an excess of meicury: 

0 V : 11 11 

()Hg i S HNO., Hg2(NO.j)2 -NO i 4H.>0 

2. Mercury chloride (1) or wercurous chloride HggOla' known also 
as calonud, is a white insoluble powder. It is prt‘])ared by heating 
a mixture of forrosive sublimate with iiKncury: 

('alornel can be produced also by the action of hydrochloric acid 
or common salt on soluble mercurous salts: 

Hg2** ! 2Cr - ;Hg2Cl2 

(-alomel is used in medicine as a laxative. 

3. MercAiry nitrate (H) or mercuric nitrate HgCNOjJg obtained 
by the action of an excc^ss of hot nitric acid on mercury. J)issolves 
well in water. Hydrolyzes readily in dilute solutions in the absence 
of free acid to form a white i>reci])itate of the t)asic salt HgO • Hg(N().^) 2 . 
AVhen heated with a large (|uantitv of water, tlie basic salt also 
decomj)oses, resulting in mercuric oxide. 

4. Mercury chloride (IT), mercuric chloride HgCI.^^ corrosive 
snhlimate, can be prepared by the direct union of mercury and chlorine. 
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It is a col()urU\ss substanoe. lathor sj»ariiigly solublo in cold water. 
Corrosive sublimate crystallizes out of solution in loiijr, lustrous 
jirisins. It is usually produced In- beating mercury sulphate* (II) with 
<M)mmon salt: 

HgSO, ; L> Xa(‘l Xa.,SOjHgCl, 

The corrosive* sublimate thus formed volatilizes, eu* sublimes: hence 
its name. 

An aepiee)iis se>lutie)n e)f corrosive sublimate^ j>ra(^tically ele)es ne)t 
(M)nduet electricity. Thus, corre)sive snbliinate is one e)f the* few salts 
which hardhj ioivizcH in seilutieui. 

(x)rre^sive sublimate, like all se)luble mercury salts, is a stremg 
poiseai. V'erv dilute solutienis of ce>r]'e>sive sublimate are 

nseel in nu^dicine as elisinfectajit. 

5. Mrrrurtf indidr (IT) or jurrcnric todnlc HtrP, <*ao h»* brought (If)wii as a 
boaiitiful oriiiigi'-rcil f)n‘ci|)itatt‘ by adfliiig a solution of ])otassiuiii io^lide to 
an\ salt of bivaloiit mcivurv: 


Ilg * • 21/ Hirl, 

TIh* prc*(‘ipitatc dissoKcs n*adily in an <*x(*(‘ss ot' pnlassiuin iodido, forniing 
a colourh'ss solution of llio c*oinplt‘X salt KojHgl,! 

Hgl, : 2 KI - K,jHgI,l 

(). Mwcid'n .<tulph(dv (11) or tnorurir sulphide HgS, as montioiuM) alK)yi‘, ocMuirs 
in Jiatun* (<rinnabar). .Mercury .sulphi<l(> (II) (‘an bo ]»rc>parcd artifittially as a 
black anu)r])li<>us substanct*, cither by th(' diivct union of. sul|)hur and ni(‘rcurv 
or by the action of hydrogen suljdiide on solutions of in<*rcuric salts: 

llg- • -i S" -r: i JrIgS 

If heated without accc'ss of air black nna-cury sulphide (II) turns into tin* red 
crystalline modilication, cinnabar. 
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Th(‘ third group of the Periodic Tahh^ omhi'aces a lai-ge iiuiuber 
of cliCDiical elements, as it includes, besides the usual eight or nine 
jneinbers, the rare-earth elements (lanthanides), all of which are 
crowded into on(‘ box in the Table. 

The typical elcmients of the third group are horan and aluminium. 
whose atoms contain three electrons each in their outer layer, (lallhim. 
indium and thallium ])ossess a similar electronic structure, though 
they are not complete analogues in this respect to tlu* typical ehutumts 
(like, for instance, calcium, etc,, in the s(‘cond group). They havt‘ 
three valency electrons, but the cations formed by removing thes(‘ 
electrons have an IS-ele(^tron outer shell. 

Owing to this similarity they are oft(Mi placed together with the 
typical elements in the main .suhijroup of thv third (/roup. 

The secondary subgroup of the third grou]) constitutes th(‘ even 
serif's elements of tlic' Jong ])eiiods: scandiurn. j/ttrium. lanthanum 
and actinium. This subgroii]) includes also the rare-earth ('k'lnents 
(lanthanides). 
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22(). (ienoral I\‘atures of the llaiii Subgroup of the Third (iroup. 

As stated above, the elements of this subgroup are distinguished 
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by the presence of thiee electrons in tlie outer layer of their atoms. 
Therefore, the metallic propertu^s of these elemetits are much less 
])r()nounced than in the corresponding elements of the second, and 
esj)ecially the first group. Avliile boron, having a small atomic radius, 
])ossesses })redominantly non-metallic proj)erties. 

All the elements in cpiestion are j)ositively trivalent in their most 
typical comjKUinds. With the exception of boron, they (;an all exist 
in acpieous solution as hydrated i)ositive trivak'nt ions. 

The metallic f)ropertit‘s of the elements under consideration become 
more and more pronounced with increasing atomic numbej , as was 
the case hi the other main subgrou])s we have examined. Thus, 
whereas boron is an acid-forming element, the oxides and hydroxides 
of the next three elements, aluminium, gallium and indium, are 
amplioteric, with incrc^asingly basic projierties. while the oxide of 
trivalent thallium is exclusively basic in character. 

The most important elememts of the third grou]). practically, are 
boron and aluminium. The; rest of thenn are rare elements ajid of no 
signiiieant use. 

227. Boron (Boriiin); at. wl. I0.S2. Boron is eomiiaratively scarce 
in nature; it is found almost (exclusively as oxycu)np)oun(ls. Its total 
(jontent in the earth s crust is (tnuo per cent by weight. 

The chi(‘f natural (‘omiiounds of boron are boric acid H.jBO., and 
various boric acid salts, the most common of which is borax Na.>B 4 () 7 - 
H.X). Boric acid is contained in the wateis of certain hot sjirings. 
In Italy boric acid is emitted together with steam from cracks in 
the earth's (*rust in volcanic districts. 

Large deiiosits of high-grade boron ores Mere discovered in the 
L.S.S.H. in 1!)84 in the Inder District of the Kazakh S.S.B. B(*sides, 
rather large deposits of the* mineral dafolth (AiHBSiOr, have bcum 
found in the Caucasus. Boron compounds aie (*oiitained in small 
(juantities also in the volcanic muds of the Taman and Kc'rch pen¬ 
insulas. 

Although boron belongs to the third group of the reriodic* Tabic*, 
it resemblc‘s silicon, located in the foui’th group, more than the other 
menil:)ers of the* third grou]). The n^semblance between boron and 
silicon is manifested also in their com|)Ounds. 

Like silicoin free boron is ])re])ared by the reduction of boric^ an¬ 
hydride B/.);^ Mith sodium or magnesium. Boron is thus evolved 
as a brown amortihous penvder xvith a s])ecific gravity of 2.3 and a 
melting peunt of 2,07rr (\ 

(Crystalline boron can be prepared by crystallization from molten 
aluminium; it contains a minor amount of aluminium and is almost 
as hard as diamond. lh)ron is used in metallurgy as a compement 
(jf certain alloys. 

At ordinary temperatures boron is very inert, does not oxidize^ 
in air and xvill not combine uith other elements. 
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If aiuorphoiis boron is boated to TOO"'C it bursts into flame and 
burns with a redciish llaine, turning into boric anhydride and releasing 
a laige amount of lieat: 

4 B ; 2 ! 5.()3 • 5f)4 (^al. 

At a liigb temperature luuon combines witli many metals to form 
borides, such as magnesium boride Mg.jB.,. Boron combines just as 
r(‘adily with the halogens if heated. With carl)on it forms a very 
hard carbide BjC. Water does not atta(‘k boion. but concentrat(‘d sul¬ 
phuric and nitric acids oxidize it to boric acid. For instance: 

:{e' 

B ; H 3 BO 3 : :1X(), 

Like silicon, boron dissolves in concentrated alkalis, liberating 
hydrogCMi: 

B -r KOH ; 2 Fi.,() 2 KBO. t H. 

22N. Boron Compounds. In most of its compounds boron is positively 
trivalent. Exceptions aie the hydrogen borides and their derivatives, 
in which boron is formally t(‘travalent. 

Hydnxjen horidas (boranes). When treated with hydro(4iloi*ic acid 
magnesium boride Mg 3 B 2 gives a complex mixture of ditt’erent hydro¬ 
gen borides, analogous to the hydrogen com])()unds of carbon and 
silicon. The following most important hydrogen borides hav(‘ been 
isolated in the ]uire form from this mixtiire: 

B,H„: B,H„: B^oH,, 

(;asi‘(nis ii(|uul solid 


The chief ]n*oduct of the reaction between magnesium boride and 
hydrochloric acid is borobutana a volatile liquid (b.p. 

with a disgusting odour, its vaf>ours igniting s]>ontaneously in the 
air. Upon standing borobutane gradually decomposes, forming the 
simplest of the hydrogen borides obtaine<l so far, namely, boroethane 
BoHc- The latter is a gas which condenses into a liquid at - U2.r/'C: 
it does not burst into llamc in the air but is immediately decomposed, 
like the other hydrogen borides, by w^ater, during which reaction 
hydrogen is s])lit off’ and boric acid H-jBOa formed: 

B.Hfi H 6 H.O 2 H3BO3 f 6 H2 

An (examination of the above formulas of the boron hydrides 
suggests that in them boron is tetravalent. However, the fact that 
boion has only three outer electrons jirecludes this assumjition. 
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The contradiction disappears if the nioleciil(\s of the boi*on hydrides 
an^ regarded as a result of linkage of saturated valency structures 
through the agency of hydrogen ixmds (p. 205): 
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lhactieally the most irn])ortant conipounds of l)oron are its oxygcui 
compounds. 

liorir mihifdndi' or }K)ron oxulv ])re])ar(‘d either by 

th(^ direct combination of boron and oxygen or by calcining boric 
a(*id. It is a colourless, brittle vitreous mass, nu^lting at al)out OOtr (’. 
Bori(t anli\'drid(^ is very ref?\aetory and is not reduced by coal (n (*n 
if heated to whiteness. It dissolves in water forming boric acid and 
releasing a large (|uantity of lu^at: 

B.O-j i 3 li.O " 2 H,,B()., i Ib.S ( al. 

ihrir or horacir add is a white (Tvstalline solid, the shiny 

scales of which dissolve* readily in hot water. lk:)ric acid can be pre¬ 
pared by the action of sulphuric acid on a hot solution of borax: 

NaoB/)^ i- H 2 S ()4 -r r> HoO - Xa^SO, | 4 

When the solution is cooled the boric acid crystallizes out, as it 
is but sparingly soluble in cold water. 

If a solution of l)oric acid is boiled some of the boric acid will come 
away together M'ith the water vapour. This accounts for its presence 
in tile steam esca])iiig from cracks in the earth's crust in volcanic 
regions. 

Boric acid is a very weak acid (K ().4 x 10 

If heated boric acid loses M.-.er, ])assing first into imlaboric add 
H BOg, then into fdrahoric add H 2 B 4()7 and finally into boric anhydride 
BgO;). When dissolved in water both acids, as well as boric anhydride, 
])ass back into boric acid. Boric acid is us6*d as an antiseptic in the 
canning industry as wtU as in the tanning of leather and in the 
preparation of certain ])aints and enamels. 

The salts of boric acid, known as borates, are mostly derivatives 
not of the normal acid (orthoboric) H 3 B() 3 , but of tetraboric acid 
HaB^Oy and other acids containing still less water, most of which 
are unknown in the free state. 

Borax NagB/), • 10 H.jO is the sodium salt of tetraboric acid 
(sodium, tetraborafe). It forms large colourless crystals which effloiesce 
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ill dry air. It is prcjiared by the reaction between boiic acid and sodium 
hydroxide: 

4 H3BO, i i> NaOH - NaoB407 f 7 H/) 

Aqueous solutions of borax react strongly alkaline due to liydrol- 
ysis. 

When heated borax los('s its water of eiystallization and then 
melts into a transjiarent vitreous mass. Molten boi-ax dissolves the 
oxides of various metals forming double salts of metaborie acid, 
many of which jiossess characteristic colours. For instance: 

XaoB/)^ -f (^lO (^u(BO.,) 2-2 XaBO. 

This property of borax is utilized in analyti(*al chemistry for tlu^ de¬ 
tection of certain metals. The determination is carried out by fusing 
the borax in a loo]) of platinum wire together with the substaiu^c* 
studied, resulting in characteristi(‘ally coloured splunes known as 
borax “IkwIs. ' 

Borax is widely used to ])rodiice fusible glazes for majolica and 
jiorcelain wares and esp(‘cially for iron jiots ((mamel): besides, it 
is used for the manufacture of s])ecial brands of glass (st^e ]). 470). 

The ability of borax to dissolve metallic oxides is the underlying 
])rinciple of its use in the soldering of metals. As only ])ure metallic 
surfaces can be soldered, the joints are first sprinklecl with borax 
to remove the oxides, then tiu' solder is added and they are heated. 
The borax dissolves the oxides, making the soldei* adher(‘ well to 
the surface of the metal. 

Boron ])lays an important ])art in the life of ])lants. The presence 
of small (piantities of boron compounds in the soil is necessary to 
jrromote normal growth of many agricultural crops, such as cotton, 
tobacco, sugar hect. (‘tc. That is why boron fertilizers are finding 
wider and wider a|)])lication in agriculture. 

229. Aluininiiiiii; at. wt. 2t>.98. Aluminium is the most wides])]-ead 
metal in nature. It is a (composite ])art of clays, feldsjiars, micas 
and many other minerals. The total content of aluminium in the o'arth's 
crust is 7.45 ])er vent by weight. The (;hief raw material for the })ro- 
duction of aluminium is bauxite. Bauxite is a conijilcx mineral con¬ 
taining alumina ALO;,. Other important aluminium ores are ahniifr 
KoSOj • AU(SO.j).j• 2 Ai^Ojj• () H.^O and nephrlite Na.,0 • AlgOjj-2 SiO^. 

The U.8.S.B . ])ossesses immense reserves of aluminium ores. Besides 
bauxites, of which the Soviet Union has large d(q)osits in the Lh’als, 
in the Bashkir A.S.S.R., in Kazakhstan and elsewhere, a very rich 
source of aluminium has been found in the form of the mineral 
ncphelite, occurring together with aj)atite in the Khibiny Mountains. 

l)es])ite its great abundance in nature, aluminium was classed 
as a rare metal up to the end of the last century, it Avas first obtained 
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by Wohler i.. 1S27 by the action of metallic potassium on aluminium 
chloride. Jhen, u]) to tlie eighties of the last century aluminium 
was ]»repared by disjilacenu^nt with metallic sodium from the molten 
<louble salt AK'lj XaCl. Avhich was. of course, very expensive. In 
th<^ fifties ol the last century one kg. ol aluminium still cost about 
fiOO rubles. 

^yter t he discovery in ISSfi and industrial realization of the electro- 
l,\ tic iirocess for the manufacture of aluminium the price of aluminium 
went down very rapidly: before World War 1 (11)14-18) 1 kg. of 
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alumiiiiiun already eust about J ruble. At present aluminium is 
produced in immense (piantities by the electrolysis of aluminium 
o.xide dissolved in molten cryolite. 

A fui’naee for the })ioduction of aluminium is shown diagram- 
mat ieally in Kig. 155. It consists of an iron box (bath) lined on the 
inside with gra])hite or ])lates of ])ressed charcoal, which act as the 
(cathode during electrolysis. Tlie anodes are a number of gra|)hite 
plates connected to a common bus. The bath is tilled with a mixture 
of ])ure aluminium oxide and cryolite. The cryolite is added to lower 
the melting point of aluminium oxide, which is very refractory. 
When the (uirrent is switched on the cryolite melts and dissolves 
the aluminium oxide, which undergoes electrolysis. The process is 
carried out at a temperature of about 1,000°C' with a current of 
55,00(1 am])eres and an average voltage of 4 or 5 volts. Aluminium 
is deposited at the cathode and oxygen is liberated at the anode. 
The aluminium collects at the bottom of the bath and is tapped 
])criodically. As the aluminium is evolved, new batches of aluminium 
oxide are added to the fusion. 
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l)ef)<)sits of ('r\’()lit(‘. tJiis very iiiiiuMvil for 1 h<'iiluniiiiiiiin iiidustrv'. 

art* \ (>rv (jiiant itifs luivo breiii fbnnd only in (imMiland. For t his 

re ason ( ryolito is iisnaliy proparoei artilk*ially by thon^action botwoc'ii aliiniiniuin 
l)y(lroxid(' and liydrofliiorii* acid, tho rcsiiltinjx acid solution be'inji subsc((iH‘ntly 
lU'iitrali/cd with soda. 

Klin* ahnniiiiiiin oxide* is ed)taincd liy tri'atint:: natural hauxite*. The' ne'eu'ssitx' 
ol' \isin^ |)ure' ahuniiiiiim e)\id(' is eleu* t*> the* elitliculty ed’ inirifyini: aJuininiuin 
nu'ial: the’reJbre'. to e»btain the ])uri' niclal it is ure'Ccrre-el tee ]>urdy the* i-aw 
inale'rials. 

The rat<^ ol‘ growtli of the ahiiuiniuni iiidiistry is interesting to 
traee. 'J'he world jtroduetion of ahnniniiiin. whit/h anionnted lo only 
S.ooo tons in IDtM). had reached 5^7,000 tons by Ib^S, and during 
World War 11 about I million Urns of aluminium wert' |)ut out yearly 
by the capitalist countries alone. Recently a very rare medal, aluminium 
has now be(‘ome one of the most widely pi*odnc(‘d and (‘xtensively 
used metals. In 11)54 the()ut|mt of aluminium in the ca])italist countrit‘s 
amounted to i\4 million tons. 

'Fhe tirst aluininiiuti plant in the I’.S.S.K. was started up in ll):ii\ 
4\vo years later a second ])lant was ])ut into o])eration, and as e^arly 
as I1):I5 the Soviet l^nion alivady occu])i(‘d the third ])lace in the 
worlfl in alumijiinm production. In the snbscMiuent years the aluminium 
industry continued to develo]) very rapidly. During th(‘ ])eriod IDobdiO 
the aluminium output will be increased more than twofold in com- 
parison with th(? Fifth Five-Year Flan })eriod. 

During the tirst years following the discovery of the electrolytic 
method for the manufacture of ahnninium. its production was based 
e.xclusively on ])ractical data. The seientilic ]>rinci|>les of the proc(\ss 
were laid down only at tlu* Ix'ginning of the second decade^ of this 
c(*ntury. Of great im|)ortance in the development of the theory 
of the electrometalhirgy of ahiminiinn were the works of F. Fedotye\ 
and his ])U])ils. 

Aluminium is a silvery-w hite light metal, its speciiic gravity being -.7 
and its melting point fitiO. I ( \ It is v<M*y diictik* and has a high tensile 
strength, can (*asily be drawn into wire and rolled into thin sheets. 

At ordinary tempei-atures aluminium does not change in tlu' aii*. 
Mut this is due only to the fa(*t that it very ra[)idiy becom(\s coated 
with a thin. d(Mise oxide tihn. which protects th(‘ metal from furtlun* 
oxirlation. If this iilm is broken down, say ])y amalgamating the 
aluniiiiiuin, tlu* metal begins to oxidize j*a])idly. becoming (piitt* 
hot (see j). 50t>). 

14ie normal |>otential of aluminium ecpials l.tib volts. In s|>it(‘ 
of this, aluminiuni do(\s not disphux^ Jivdrogcm fj-om w'atei- (cf. zinc, 
§ owing to the formation of a dens(‘, very slightly soinhie tilm 

of alnmininm hydroxide on its siirfaee. Amalgamated ahnninium 
reacts vigorously with water, liberating hydrogen. 

Dilute hydi’oehlorie and siilplmric acids dissolve ahnninium readily, 
(\s])e('ially when hot. Aluminium dissolves just as n'adily in alkalis. 



(Drilling alnrniiiates, coiii|)()un(ls analogous 1o zincates and con- 
laining the anion [A1(()H);| (see p. 502). On (lie contrary, cold 
nitric a(*id not only tails to dissolve aiuminiinn. but even makes 
it so that after treatment with nitric aeid it will not dis¬ 

solve in dilute snlpliuric or hydrochloric acids eitlan*. 11ie reasoii 
for th(‘ passivity of aluminium was indicated in § 112. 

If aluminium powder (or thin aluminium foil) is heated strongly 
it hursts into llame and burns with a blinding white Ihinu*. fdi'ming 
aluminium oxide. 1h(‘ c(mibustion takes place very lapidly; for 
instance, a thin sheet of aluminium will burn up in o.dl second. 

Due to its lightness and comparative resistance to corrosion alumin¬ 
ium lias found very wide application. Its chief consumers an* tin* 
aircraft and avitomoliile industries, where aluminium is us(*d as 
various light alloys. A<lmixtures of small (juantities of other metals 
gr(‘atly increase its strength without changing its weight to any 
consicierabk* degree. 

Ihe most im|)ortant aluminium alloys aie flunihuHln. which 
contains about- 1)5 pm* cent aluminium. 4 per cent cop])er. d.5 p(‘r 
cent magnesium and d.5 j»er cent manganese. Other widely us(*d 
alloys are (an alloy containing up to 12 ])er c(‘nt inagnc*- 

sium) and ,sihnniv (an alloy of aluminium and silicon). Aluminium 
is gi’adually forcing (^o]»pei* out of (‘lectrical engin(‘ering as a material 
for wires. Although the electrical conductivity of aluminium is only 
about tid ])ej‘ cent tliat of copper, this is made* up for by the lightness 
(d aluminium, which enables aluminium wires to be made thicker: 
an aluminium wii*e weighs only half as much as a (tojijier w ire of ecpial 
electi‘i(tal conductivity. 

A very important use of aluminium is foi* csilorizatioii. i.e., saturation 
of the sui'face of steel or iron ]mrts with aluminium to protect tla* 
main matei-ial from oxidation when strongly heated. 

Valorization is carried out either by immersing the ])art in molten 
aluminium, or more often by heating it in a mixture of jiowdered 
aluminium and aluminium oxide. When heated the aluminium 
p(*netrates into the surface layer of t he ])art. forming a solid solution 
with the iron. Valorized st(H*l parts can withstaml heating in the air 
to a temperatuiv of ddd V without becoming oxidized. 

One moie application of aluminium worth mentioning is lor the 
manufa(dure of tlu* sim])lt*st types of a.c. lectiiiers. The rectiiier 
consists of an aluminium and an iron (or l(*ad) (*lectrode dijipc'd 
into a solution of soda. An apjiaratus of this kind will allow current 
to jiass tmly in oiu^ direction, namely, in that whi(*h makes the 
aluminium the {*athod(*. If an aluminium rectiiier is wired into aii 
a.c. circuit, ])ulsing curn'ut of a constant dh‘(‘ction will result. 

Finely })Owdered alumijiium is used as a ])aint lor coating iron 
to ])rote(*t it from cori’osion. as a lithographic colour and l(u* making 
up certain ex])losiv(' mixtmes of tlu* ammonal type (see ]>. .iSI). 
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Large-grained almniniuni ]K)\vde.r is ein])loye(i for the reduction of 
many metals (see j). old), for illuminating rockets and for the ]>rep- 
aration of thermite. Thin aluminium foil is used for packing chocolate, 
candies and other confectionery goods. Finally, the wide use of 
aluminium for the manufacture of various kitchen utensils, such 
as pots, sj^oons. ('tc., is well known to everybody. 

Aluminium forms only one oxide, namely Al.^lLj, and is trivalent 
in all its compounds. 

Alunilnitnn oxith AloO;i, called also fiJiiNnnn. occurs in nature 
in the (*rystallinc h)rm as the mineral corundum. Corundum is second 
in hardness only to diamond, Trans])arent red or blue corundum 
ci-ystals are precious stones known as ruhi/ and sapphire. Rubies 
are now obtained artiticially by fusing alumina in an electric furnace. 
They arc used not so much for decoration as for technical purposes, 
such as for the manufacture of jweeision instrument parts, for the 
jewels in watches, et4‘. Non-trans|>arent corundum crystals contain¬ 
ing considerable impurities are commonly known as einvrp. 

Aluminiuni hydroxide Al(OH)j, separates out as a jelly-like ])recip- 
itate when solutions of aluminium salts are actial on by an alkali, 
and jiasses readily into the colloidal state. WIkmi heated. A1(()H)^, 
loses water gradually, forming hydrates containing le^ss water, for 
instance: 

OH O 

/ /, 

AI- () H ->Al —OH HA) 

^ OH 

Aluminium hydroxide is a t v[)ical amphoteric hydroxide. With acids 
it forms salts containing the hydrated aluminium ion [A^H.^O)^!* ’ > 
and with alkalis it forms salts containing the anion 1 A 1 ( 0 H) 4 |' and 
called ahiiiiiiiaies (for instance, Na[Al(OH)|l. 'I'lie latter were for¬ 
merly regarded as salts of meUduminic ucid HA 10 2 : 

Xa[AI(0H)4] - NaAIO., • 2 HoO 

The reaction of formation of an Jiluminate may be re(H)rded as 
follows: 

AI(0H)3 ^ XaOH ^ : Na| Al(0H)4| 
or 

A1(0H)3 -f OH' - |Al(0H)4r 

Aluminates can be j)repared also by dissolving metallic aluminium 
in alkalis: 

2 AI f 2 XaOH | « H^O - 2 Xa(Al(0H)4] 1 3 H, 



Tlie reaction pioceeds analogously to the dissolving of zinc in alkalis 
(see p. r) 7 S). 

Salts containing Al* * ’-ion are greatly Iwdrolyzed in aqueous solu¬ 
tion and l eact acid: 

Aid., i- H^O AlOHd.^ } Hd 
or 

Al • I H,()^AIOH • r H- 

Dialysis of a solution of an alumiiiiurn salt will lead to compkdc 
dec<)rn|)osition of the salt due to the gradual removal of the acid. 
The aluniiniiim hydroxide formed passes into the colloidal state. 

With weak acids aluminium hydroxide forms either basic salts 
or none at all. For instance, if a solution of an aluminium salt is 
treated with soda, aluminium hydroxide results instead of the car¬ 
bonate ; 

2 Al - ” 4- d)/ 4 3 H.() - i 2 A1(0H)3 i- 3 

The course^ of the reaction may l)e pictured as follows. Hydrolysis 
of aluminium salts in acpieous solution leads to the ccpiilihrium: 

2 Al • ” h H.,() 2 AI(()H), 4- 0 H ’ 

Owing to the same ])rocess, in a solution of soda the following 
equilibrium is set u]): 

3 OO 3 " - 3 H/) 3 HCO:/ i 3 OH' 

When the solutions are ?nixed H’-ion combines with OH'-ion 
and HOOg'-ion forming molecular H.jO and HoCO;,, the latter then 
decomposing into water and carbon dioxide. As a result, both equilibria 
shift continuously to the right, until, at length, all the aluminium ])re- 
cipitates out as A^OH).,. 

Of the salts of aluminium the following are noteworthy: 

1 . Aluminium chloride Al(%. Anhydrous aluminium chloride 
can be prejiared by the direct action of chlorine on aluminium. It 
is widely used as a catalyst for various organic syntheses. Aluminium 
chloride dissolves in water, releasing a great amount ot heat. If 
the solution is eva|)orated hydrolysis sets in, hvdrogeji chloride 
is evolved and aluminium hydroxide ])recipitates out. If evaporated 
in an excess of hydrochloric acid it gives crystals of the composition 
ART,. OH./). 

2 . Aluminium f<alph<itc A1 2 ( 804)3 • 18 HgO is piepaied by the 
action of hot sulphuric acid on alumina or pure clay (kaolin). It 
is used for sizing in the manufacture of writing paper and for the 
])urification of water (see p. 4S0). 
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V>. AhoHi'iriiUH aJinn KAI(S() 4).2 • li* H J) is tlu' most impoitant 
t(‘(*lmic*al alumiiiiiiin salt. Is iisrd in great (juanlities for tanning 
leather and as a mordant in dyeing cotton fal)ri(*s. In the latter ease 
its action is based on tlie fact that the AI(()H).jfornuMi due to hydrol¬ 
ysis deposits on the libres of the fal»rie in a very tiiu'ly divided stat(‘. 
adst>ri)s the dye and retains it well on the fibre. 

4. I ltnonnrifif is a nell-known bliic^ d\e used as a pt»n(ler for 
■ bluing" (*lothes. In chemi(*al composition it is the pjoduet of the 
addition of Na^»8;^ to the alumosilieate Xa^AUSioO.,. It is preparial 
l)y heating a mixture ol‘ka(»lin. sulplnir and soda with a small (juantity 
of sugar. 

list), tvalliiiiii SiihgnnijK TIh' (dtunents belonging to this sul>g]oup. 
{/(i/lifUN. indhoii and thdllutni. contain three eketrons eacli in tlu^ 
outea-mosl o?-})it of their atoms and eighteen in the second last. Like^ 
aluminium, they dis|)lay rather weak metallic ju*o]K‘rti(‘s which 
Ifccome sonu'wliat inoie juonounced with incnvising atomic numb(‘r. 
TIh^v are all rare* (‘lements and do not o(*cur in any eonsideralile 
(juantities. Their cont(‘nt in the earth's crust is res])(‘ctively J In b 
I in ^ and I in jier cent by weight. 

in the free state' gallium, inelium and thallium are' silve'ry-white* 
soft me'tals with low nu'lting pe>ints. ((bdlium melts at as le)w a te'in 
|)erature* as ('. indium at lotbii' (’ and thallium at SnS (’.) 

'J'Ih'v are (piite stable in the* air. elo not dt*ce)mj)ose wale*!’ but dis¬ 
serve re'adily in acids, gallium anel inelium elissolving in alkalis as 
well. Be'sieles their maximum valenery of three, they are* cajiable* 
also of showing lower valemc-y. Jn particular, thallium has charae*- 
teristic e*ompounds in which it is univalent. 

The oxides and hydroxide*s e)f trivaicnt gallium and inelium are 
amj)lioteric: thallium hydroxiele TlfOH)^. howeveu\ posse^sse\s euily 
basie* [iroperties. 

Of great intere'st are tlie* e*om])ounds of univalent thallium, resem¬ 
bling com])e)uiMls of alkali me*tals on the e)ne hajid. and silve'r e-om 
])ounels e>n the e)the*r. For instance*, thallium oxide Tl/) e‘ond)ine*s 
vig(»rously with water to form the hydroxiele TIOH. which is a strong 
l)a.se. (juite^ soluble in water. 

Most of the salts of univalent thallium dissolve revaelily in water, 
but its balieles are almost inse)luble and. like silver salts, are sensitive 
to light. 

The practic'al applications e)f the gallium sul)gre)up elements ai*e 
limited. 

Metallic gallium has recently been useel te) fill (jua?*tz thermo¬ 
meters for measuring high temperatures. As gallium melts at 21).S ' 
and boils only at 2.000°. such thermometers make it possible to 
measure tenif>eratures as high as 1,000° V and higher, for wlii(*h 
ordinary thermometers cannot be employed. Admixtures of gal¬ 
lium in aluminium give alloys which can readily be worked hot; 
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alloys ol’ fralliiim and j-old arc used in jewcllcrv makinit and for false 
I (‘(‘til. 

Indimn is used instead of silver to e-oat relleetors. Since r(‘Heetors 
eoat(‘d with indium do not tarnish in time, their (ioeHa^ient of reflec¬ 
tion remains constant. Indium is em])loye(l also to c(»at Ix-arin^ 
ins(‘rt.s and as oik* of the inLrr(‘di(‘nts of th(‘ allov' us(‘(l for making 

I‘US(‘S. 

J'hallium compounds have found application in j)hotogra])h\ 
and medicine, as well as in the manufacture of high refracting optical 
glasses. 
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(Jeiieral IVafures ul Hie Seaiidiiim Siihgroup. The scandium 
subgroip) in(^lud(.‘s. b(‘sid(‘s those indicated above, the elements 
with atomic numbers from oS to 71, known as the rar(‘-(‘arth 
elements or lanthanid(‘s. 

.Ml the (‘lements of the scandium subgrou]), including tlie lanlhanid(‘s 
(s(^e Table 10, p. 15^1), contain two el(H?troiis in th(‘ outermost laycn' 
of their atoms. In their scx'ond last layer s(*an(liui:n. yttriuin, lanthanum 
and actinium, as well as the lanthanides, gadolinium and lutetium, 
contain nine ele(*tr()ns, all the lest of the lanthanid(>8 containing 
eight. 

Th(‘ maximum valency of the scandium subgroup elements, as 
a rule, equals three. However, (‘(wium also forms a number of dvriv- 
atives in AAhieh it is tetravalent. Oxides of tetravalent ])rase- 
odyminin and terbium are also known, but th(‘y are rather un¬ 
stable. 

In natiiie th(\se (dements occur usually in intimate asso(dation witli 
one another and with the ehMuents ol the fourth grou]), zirconium, 
hafnium and thorium. One of the main sourc(>s for them* preparation 
is the mineral monazUc, wliich is a mixture of ])hos])hates ot cerium, 
lanthanum, etc. Tlie isolation ol the separate elements Irom mona- 
zite is a very conqilex ])rol)lem owing to the great resemblance in 
their projjerties. The lanthanides are especially difficult to s(‘j)arate. 
To date only very few of them have been obtained in tlie pure Ibrni 
(lanthanum, cerium), Avhik' some of them are very little known in 
general. 
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In the free state the elenients of the seandiimi subgroup are luetals 
with high jnelting points (with the exiJejition of terbium wliieh melts 
at MIO"’ C). Their metallic properties ai*t‘ mucjli more pronounced 
than those of the elements of the gallium subgrou]). They decom]K)s(> 
water at ordinary temj^erature or if heated, and dissolve readily 
in dilute acids. With hydrogen some of them form hydrides (su(‘h 
as I iU' H .j). 

The oxides and hydroxides of the elements of this subgroup possess 
only basic pro])erties. Their salts hydrolyze but very slightly. 

All the elements of the scandium subgroup give characteristic 
line s])ectra. whicli are the only way of ])r(H‘isely establishing the 
individuality of each. 

The rare-earth elements and their salts find more and more ap})li- 
eations in U^chnology from yi^ar to year. The oxides of lanthanum, 
neodymium, and cerium are used as admixtures in the manufacture 
of sjiecial brands of glass. For instance, optical glass for the manu¬ 
facture of ])hotographic lenses and glass(‘s for protective goggles 
contain lanthanum or neodymium, (dasses (‘ontaining cerium do 
not darken under the action of radioactive irradiation. 

Cerium nitrate is used in the manufacture of iiu^andescimt gas 
mantles, which contain about 2 per cent cerium oxidi^ and OS per 
cent thorium oxide. Cerium salts are sometimes used to (colour glass 
and porcelain. An alloy consisting of :i() per cent iron and 70 yier 
cent cerium (together with other raie-i^arth elements) is us(m1 to 
make ‘ flints” for cigarette lighters, as when rubbed on a rough 
steel surface they give sparks which will light a wick moistened 
with gasoline. .Metallic (*erium is used as an admixture in aluminium 
and magnesium alloys. 
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232. General Fpalures of Ihe (jerniatiiuin Subgroup, The elements 
(/(rvianium. fin and Uad are the closest- analogues of the typical 
elements of the fourth grouj), namely, carbon and Micon. whicli 
have l)een considered above, and form together with them the 
wdiii ,subgroup of the fourih or carbon group. All the five elements 
of the carbon grouj) have four electrons in the outermost layer of 
their atoms. They are. therefore, ca})able not only of yieldhig, but 
also of gaining electrons in sufficient number to make uj) an 
o(*tet, with the formation of covalent bonds, this being generally 
chai*acteristie of non-metals. However, tla^ tendejicy of the ger- 
manium subgroup ekunents to gain electrons is very weakly pro¬ 
nounced, owing to the ])resence of eighteen electrons in the second 
last layer of their atoms and to their rather large atomic radii. Al¬ 
though, like carbon and silicon, they also form gaseous hydrogen 
conipoujids. the latter are Aery unstable. On the other hand, they 
yield electrons rather readily and the more so, tlie higher their atomic 
number. That is why the non-metallie and metallic pro|)erties of 
geinianium ar(' almost equally pi*onounc€?d, whereas in tin and lead 
the latter are clearly ])redominant. Tin and lead are typical metals 
in i)hysical pro])erties, their non-metallic nature being manifested 
only in chemical combination. 

As was stated above in (1iai>ter XVII, all the elements of the 
carbon grouj) show a valency of H besides their maximum positive 
valency of +4. But wliile the compounds of bivalent carbon and 
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silicon ((X) an(i SiO) arc not characteristic and (jjuite* unstable, the 
tendenev of the gerinaniuin subgroup eleinents to manifest bival- 
en(*v is much stronger’: the: bi- and tctravakmt states of tin are 
almost equally stable, whereas lead is bivalent in most of its (H)m- 
])ounds. 

2S3. (ilmnaniujii; at. wi. 72.t)(b (hM-manium is one of the most 
dis])ersed eleinents. Minerals containing germanium in any consid- 
(‘rable quantities are extremely rai*e. The most inijiortant of these 
minerals are (uy/frodiU 4 AgoS • (leSo and (fcrmnnifv (> (XiS • (ieS^. 
At th(^ same time, germanium coni])ounds aie found in very small 
qnantiti('s in many ores. The total content of germanium in the 
(‘arth's crust amounts to 4 x10 4 l^y weight. The usual 

source for the preparation of germanium is the ashes of tiituminous 
and brown coals and zinc metallurgy wastes. 

Not so long ago germanium had hardly any ])ractical application, 
but in re(?ent years it has acquired exceptional importaiK^e in (4ectrical 
and radio engineering, where it is used as a semi conductor. 


Sen\i-ooudm'to)'.s. S(‘ini-(‘<)ii<!u(*t(>i’.s an* siibstunct's wliosc* viral fondiictivity 
is iritrrmcdiatt* hrtwoeu conductovs and insidalors. A clumicti'vistic fcatiin* 
of s('Tni-conductors is that uncha* ordinary conciitious tfay do not conduct 
(*l('<aricity, but ac(jnirc tJa^ ability to do so under th(> action oflK'al, light and 
other factors. 8cini-conductors of a detinib* tyfu*, when brought into contact, 
poss(\ss the property of condu(!ting (*urrcnt only in one direction. 

Owing to the cjualitativc? difference of scmi-condiKdors from medals and 
in.sulators, they have* be‘e‘n ennployeel by me>ele*rn e'lt‘edrieuil anej raelio enigin(*e*ring 
to se)I\'e* a nuinbeu* of te'clinie-al probleans of immense* })ractical impe)rtan<’c. 

For instance, the* e‘()mparative*]y large, I)re>akable* vaeuniin valves useel In raeiie> 
(mgine>e*ring can bt^ re*))laccel by tiny, long-live‘d erystalline ge*rrnaniinn diexh^s 
anel trie)de*s; the ve)lum(’ of some) e)f the*m deies ne)t e‘xee:H;el 0.01 cu. e*ni. Tliis 
Tnakt^s it ])e)ssible te) ce)nsielcrably diminish the size e)f raelie) and tclcvisiem sets, 
comj)uting niae*hine*s, raelar units anel othe*r apparatuses anel to im])rove the'ii* 
})crfe)rniane;c essentially, at the same time greatly de^creasing their pow(*r 
consumption, (hermanium amplifiers are very durable, e)perate) without vacuum 
anel re*e|uire no })e)weM* e»r time for heating filaments, as e)rdinary vaivtis ele). 
Their lifetime is very le)ng. 

Semi-ce)nelue*te)rs are) wielt*ly used in various instrurne^nts fe)r aute^matic ce)ntre)l 
e;)f many industrial ])re)eesses. The powe?r industry employs germanium rectifier.s 
fe)r e*e>nverting high-power alternating current into eJirect current. By means 
e)f semi-coneluctors the*rmal and luiniimns energy can be changexl directly inte) 
e*le*ctri()al, with an efficiency, at ])resent, of S te) 10 per cent. Semi-conductors 
can be useel to convert the e'nergy of radioactive raeliat ions into eleK'trie current. 

Other s(*mi-ce)nelucten’s, l)C*siele*s germanium, are silicon, gre^y tin, e*ertain 
chi'mie^al e*e)nipe)unels and alloys. 

The germanium used in semi-conductor apjiaratuses must be 
very pure, as even one atom of impurities per 10 million atoms of 
germanium increases its conductivity. Such pure germaTiium is 
prepared by ‘‘zone” melting (see p. 527). 

(iermanium is a silvery-white, very brittle metal, having a specific 
gravity of 5.30 and melting at 1)59"^ (k In the comiiaet state it changes 



neither in dry, nor in moist air. even if heated. Powden^l <j;ermaniiiin 
passes into the dioxide (ieOo even if only moderately heated. 

Hydroehloric and dilute snl|>hnne aeids do not attack germanium, 
hnt nitric and concentrated sulphuric acids oxidize it to the dioxide. 
<il<‘rmanium dissolves slowly in alkalis. At about 2(M) or 2r»0 (' ger 
maniunj reacts actively with the halogtms and sulpliin*. 

(iermanium is hi- and tetravalent in its com])ounds. ('i)iu 
of birolvnl (jvnttnniiun are comparatively unstabk^ they oxidize 
easily. ])assing into compounds of tcdravalent geiananium; hejice, 
they are active r(d:icing agents. 

(hrmitnium avlde (ieO is a bla(?k crystalline pow(l(‘r. It is veiy 
unstable. It is |)re[)ared by carefully reducing germanium dioxide 
with magnesium or metallic germaiuum. It n^acts witii the hydrohalic 
acids, forming dihalides. 

(Unnnninni hi/dro.rUU (h‘(()H )2 can be precij)itated by alkalis or 
ammonia from a solution of gcM'inanium chloride; 

'2 XaOH- (;e((>H) 2 -:- -> NaCl 

It is amphoteric in ])roperlies and dissolves |)erceptibly in water, 
its aqueous solution reacting acid. 

Compounds of Mnnxilerd germanium are tlu^ jnost (^hai*ac‘t(U'istic 
of this element. They are more stable, Ixdtei* known, and greater in 
nun)ber, than the derivatives of bivalent germanium. 

Oermanium dioxide (jleO.^ is a white crystalline substance of specific 
gravity 4.703; it is ])erceptibly soluble in water, the solution con¬ 
ducting electricity. It can be prepared by several methods. In partic¬ 
ular, it can be obtained by heating germanium in oxygen or })y 
oxidizing it with com^entrated nitric acid. 

(jlermanium dioxide is an amphoteric oxide w ith strongly ])redom- 
inating acidic properties, as a result of which it is readily soluble 
in alkalis, giving salts of germanic acid. These salts are, as a rule, 
colourless. The potassium and sodium salts of gernianic acid are 
quite soluble. 

Germanium dioxide is employed in technology for the manufac¬ 
ture of o])tical glass with a very high index of refraction. 

Germanium leirachloride Ge(l 4 is prepared by heating germanium 
in a stream of chlorine or by passing hydrogen (iiloride through a 
heated suspension of germanium dioxide in concentrated hydrochloric 
acid: 

GeO,, f 4 HGl ^ Ge(l 4 + 2 H.O 

The reaction is reversible and goes from right to left in an excess 
of water. 

Germanium tetrachloride is a colourless mobile liquid with a 
specific gravity of 1.874 and a boiling point of 83° G. In properties 
it resembles silicon tetrachloride. 
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Gcnnamum disulphide ()leS 2 known to occur in two inoditica- 
tions ainorplioiis and crvstallinc. The rnoistnre of tlie aii‘ dccom- 
])Oses (JeSo, liberating hydrogen sulphide: 

(;eS2 ! 2HS 

(iernianiiiin disn]|)hide readily forms stable thiosalts. 

(icruHtiiimn hjfdrides. Treatment of germanium chloride with 
sodium amalgam in a stream of hydrogen, or decomposition of a 
germanium-magnesium alloy by acids results in germanium tetra- 
hydride (JeH 4 . It is a colourless gas which, like arsenic hydride. 
decom])oses when he^ated to form a metallic mirror. The melting 
point of germanium tetrahvdride is lOtrC and its boiling ])oint 

During the pre])aration of the simplest germanium hydride, small 
(juantitics of its homologues. Ge^H^. and are also formed. 

Tin (Staniiiini); at. wl. 118.70. Tin catinot be regarded as a 
w'ides])rcad jnetal (its content in the earth's crust has been (‘stimated 
at Sylo per cent l)y AV(ught). Hut it is easily (‘xtracted from its 
ores and foi* that reason became known to man in ancient times: 
man us((l tin in the form of its alloy with co])per (bronze) as far 
back as the ve ry dawii of bis civilized life (the Brojize Age). Tin is 
sometimes found in nature in the native state, but usually occurs 
as its c-()m])oun(l with oxygen SnOg. called cassiterife or tinstone. 
from which it is reduced by coal. 

"liie largest deposits of tin ores have been found in Malaya, \'iet- 
Nam, Bolivia and Indonc'sia. In the U.S.8.R. tin or(\s of commercial 
im]>ortance have be'cn discovered in Eastern Siberia and in the Yakut 
A.S.S.R. 

J n 10r)4 the outfuit of tin in the ca])italist countries w as I 7S,00() tons. 

In the free state tin is a silvery-white soft metal with a s])ecitic 
gravity of 7.:{0 and a melting ])oint of Tt has a d(>cidedly 

crystalline structure. AYhen a stick of tin is bent it emits a character¬ 
istic ciackling noise, probably due to friction between the individual 
crystals. Tin is soft and ductile and is readily rolled into thin sheets 
known as tin hhl or just joil. 

Besides ordinary irhite tin, crystallizing in the tetragonal system, 
tin has another modification, a grey crystalline })Ow^der with a s])ecific 
gravity of 5.7. It has long betm known that grey s|)ots sometimes 
ap])ear on tin objects kept ft)r a long time in a strong frost-. This 
])henoniejion has been referred to as tin plague. It Avas subsecjuently 
established that ordinary tin is stable only at tem])eratures abf)ve 
below' this tem])erature it may turn into grey tin. The 
lower the temperature, the more rapidly this transformation takes 
])lace. When h(’atcd, grey tin passes back into the Avhit-e modifi¬ 
cation. 
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If tin is heat(Kl al)(>ve KU/'Cl it f)asses into a third (rhombic) mod¬ 
ification. In this form it is very brittle, can be ground readily into 
a ])owder and breaks into small fragments if dropped from a small 
height. 

Tin does not beconu' oxidized in the air at ordinary temj)eratures. 
But if heated above the melting ])oint it gradually changes into tin 
dioxide SnOo. Tin is indifferent to water. Dilute acids dissolve it 
very slowly due to the insignificant difference between the normal 
]>otentials of tin and hydrogen (see Table 27. p. 502). Tin dissolves 
i)(\st of all in concentrated hydrochloric a(*.id. 

Tin also reacts vigorously with concentrated nitric acid, which 
changes it into a white powder, insoluble in water, called/^-stannic acid. 

Owing to the r(\sistance of tin to the action of air and water, it. 
is us(‘d to coat other metals, such as copper and iron (this ])rocess 
being known as “tinning ’). About half the tin produced is used 
for the manufactuie of tin plate or fin. i.e.. tin-coated sheet iron. 
Of great iiTi])ortan(;e are also many tin alloys, such as bronze, babbits, 
etc. Finally, tin is widc^ly used both in the ])ure form and as alloys 
with l('ad for soldering. 

Tin forms two oxides, namely, Hiannom oxide SnO and tin dioxide 
oi* sfannir oxide SnO^. And. accordingly, two series of tin compounds 
are known. In the first tin is bivalent and behaves mainly like a metal, 
whereas in the second it is tetravalent and is more like a non-metal 
in ])roperties. 

(\ympounds of hivalent fin. St/mnons oxide SnO is a dark brown 
powder wliich results when tin is heated in a limited su])|)ly of air, 
as well as from the decomjiosition of stannous hydroxide Sn(OH ).2 
in an atmos])here of carbon dioxide. 

Slarmous hydroxide 8 n(OH )2 is obtained as a white |)reci{)itat(^ 
wh(m bivalent tin salts are treated with alkalis: 

Sn * -f 2 0H/ jSn( 0 H )2 

Stannous hydroxide is amj)hoteric, dissolving readily both in acids 
and in alkalis, in the latter case to form hydroxysalls, known as 
stannites. analogous to zincates (sec ]). 578): 

Sn( 0 H )2 -f NaOH - NalSidOH).,] 

Tin cMoride (II) or stannons chloride SnOlg-^H./) is prepared 
by dissolving tin in hydrochloric acid: it forms colourless crystals 
containing two molecules of crystallization water. When heated or 
greatly diluted with water, acpieous solutions (d SnC'U hydrolize j)artly, 
giving a precipitate of the basic salt: 


Sn(\ 4 - H./) j SnOH(1 f HCl 
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SffntN(ii(>s chloride vs* a potccrftd reducing ugent. For iiistaMCO, it 
re(Juot‘s ferric ehloiide FeClj to ferrous chloride FeC^f^: 

2 Fed.j - Snd.j - 2 Fe( 1 .> ^ Sn( 1 ,, 

If stannous chloride is added to a solution of corrosive sublimate, 
a white |)reci])itate of calomel separates. In an excess of Sndo the 
corrosive sublimate is further redmed to metallic mercuiv: 

2 Hg( U I Sndo Hgod,. Snd, 

I Snd.-iVHg : Slid., 

Compound,'^ of ielnvralent fin, Sf(ninic oxide or fin dioxide SnOo 
is found in nature as the mineral tinstone oi* cassiterite. the most 
imjiortant tin ore. It can be produced artificially by burning the 
metal in air or by oxidizing it with nitric acid and then calcining the 
resulting product. It is used for the" ])r('|>aration of various white 
glazes and enamels. 

Sf((nni(: ((cid,s. The hydrates of stannii? oxide arc* known as stannic 
acids and c'xist in two moditications: as a-stainiic acid, and /v-stamiic 
acid. a-Sfannic acid Ha^SiiO., can be preiiared by the action of an 
aqueous ammonia solution on a solution of stannic^ chloride Sndj. 

The formation of the white precipitate which se|)arates out is 
usually rej)i*c\sent(Ml by the equation 

Snd^ ! 4 NH/IH - i H.SnO;, 4 4 NH/M + M/) 

As the precijiitate is dried it gradually losers water until ])ure stannic* 
oxide lemains. Thus, no acid of any definite composition is obtaiiu^d. 
Therefore, the above formula for a-stannic acid is but the simplest 
of its ])ossible formulas. It would be more correct to represent the 
conqxisition of this acid by the formula /vvSn().2 7iH5,(). 

n-Staimic acid dissolves readily in alkalis, forming salts wliich 
contain the cxiinjilex anion lSn(()H),.] and are called slaiinales: 

H.,Sn()., r NaOH l H.,0 Na.,|8n(()H)6| 

Sodium stannate sejiarates out of solution as crystals of a com- 
[losition which may also be expressed by the formula Na28n()3 ll Hgt). 
'fhis salt is used as a mordant in dyeing and as a filler for silk. Silk 
fabrics treated before dyeing with solutions of tin compounds some¬ 
times contain as much as 50 ])er cent of their total weight in tin. 

A(?ids also dissolve n-stannic acid to form salts of tetravalent tin. 
For exam])le: 

HgSnOa 4 4 HC\ SnC^ f 5 H^O 
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111 an exeews of liydroehlorie acid Sn(‘l| adds two HCi molecules 
to form complex (rhlorostannic acid Ho|Sn('l^;|. "Flic ammonium salt 
of this acid NH^|Sn('lj;| is used for the same ])ur])oses as soclium 
st annates. 

(i Shninic acid is obtained as a white ])owder by the action f>f (ton 
centrated nitric acid on tin. Its com])osition is just as indelinite as 
that of u-stannic acid. (Jonti-ary to a-stannie acid, it dissolves neither 
in acids nor in alkalis. Hut it can be transferred into solution as a 
stannite l)y fusion with alkalis. !f ke])t in contact vvitli the solution 
from Avhich it A\'as ])recipitated u-stannic acid also giadually jiasses 
into /t-stannic acid. 

Tin chloride (TV) or .stannic chloride Slid,, is a li(piid witli a boiling 
point of I14M\ fuming strongly in the air. It is ])re])ared by the 
action of chlorine on metallic tin or on stannous chloride. Js ])ro- 
duc<^d in industry mainly by treating tin waste (old cans) Avith chlorine. 

Though stannic chloride is similar in some of its ])roperties to the 
chlorides of non-metals, it dissohes in water Avithout dectom]losing 
[lerceptibly, and can be (‘volved from solution as Aarious crystal 
hydrates, such as Snd 4 oH 2 (). 

In dilute aipieous solutions Snd 4 hydrolyzes to a large degree 
according to the ecpiation: 

Sn* * ' * } 3 H 2 O ILSnO., 4 H* 

l'h(‘ resulting stannic acid passes into colloidal solution. 

Tin sulphides. If a solution of SnCU is 1 roat.(*d with hydrogen suljiliide a 
l)rf)wn pr(H?ipitatt* ni' tin sulphide (II) SnS results. A solution of SnCl 4 treatcfl 
in the. same manner yields a yellow precipitate of tin disulphide SnS.^. 4’hc 
latter compound can be prepared also by a dry mt‘thod, for instance, by heating 
tin filings with sulj)hur and ammonium chloride. Prepared in this way, 1 he 
ilisulphide lias the form of golden-yellow s(uil(^s and is used for gilding wood 
uiifler the name of “mosaic gold.” 

Tin disulphide dissolves in th(‘ alkali sulphidiss and in arnmemium sulphide 
solution, giving readily soluble' salts of thiosta'nnie acid HoSnS.,: 

SnS.^ (NH4)2 vS - (Nll4)2»SnS., 

Thiostannie? acid (like the corresponding thioacids of arsenic and antimony) 
is unknown in thi* frei* state. Its salts are decomposed by acids into hydrogt'ii 
sulphide and tin disul])lude: 

(NH^lgSmSg f 2 HCl- I SnS., )- H.S }- 2 NH 4 CI 

Stannous sulf)hid(> is insoluble in the alkali sulphides, as there are no thiosalts 
corresponding to bivalent tin. Jlut the alkali polysulphides dissolve it to ftirm 
salts of thiostannic at^id; 

SnS I (NHJgS.,- (NH 4 ) 2 SnS 3 
i rTI i IV 

I Sn — 2 e Sn 

I 11 

i S. - - -f 2U---2S 
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7^/?? hydride or stannane SnH 4 wjis first obtained in 1911) as an 
impurity in hydrogen by treating an alloy of magnesium and tin 
with hydrochloric acid. It is a colourless, very poisonous gas which 
condenses into a liquid at 52“ and decomposes slowly, but spon¬ 
taneously, at ordinary tem])eratures into tin and hydi*ogen. 

235. Lead (nunibuin); at. wt. 207.21. Lead is found in nature 
as various compounds. The most im])ortant ore used for tlie extraction 
of lead is (jlance or (j(dvn(t PbS. 

l^arge deposits of lead ores have been found in Australia, the U.S.A.. 
(^anada. Mexico and (Jermaiiy. Lead deposits have been discovei*ed 
in the L.S.S.IL -in Kazakhstan, Eastern Siberia. Northern Ossetia, 
the Altai Mountains and elsewhere. 

Jjcad can be extrficted from galena in the ordinary way. by roasting 
the ore to convert it into lead oxide and then r(‘du(ang the resulting 
lead oxide with coke. 

Another method of reducing lead from its oies without the use 
of coke consists in incomplete roasting of the or(^ hy heating it moder¬ 
ately in special furnaces in the presence of air. so that only ])art 
of the PbS is oxidized. This involves the following reactions: 

2 PbS i 3()o- 2Pb() I 2S()2 
PbS -i- (>2 - PbSO^ 

'riien the air is cut off', but the heating is continued. The unaltered 
lead sulphide reacts vNith the lead oxide and sul])hate giving metallic 
lead: 

1^)8 f 2 PbO - 3 Pb + SO. 

PbS I PhS04 2 Pb I 2 SOo 

The abundance of lead in the earth’s crust is ref)resented by 
a value of the same order as that of tin (l.B x 10 ^ |)er cent by 
weight). 

Lead is a bluish-white heavy metal with a specific* gravity of 11.34. 
It is very soft, being easily cut with a knife. The melting point of 
lead is 327.4“ ( \ In the air lead rapidly becomes coated with a thin 
oxide him which ])rotects it from further oxidation. In the e.m.f. 
series lead stands just at)()ve hydrogen. Its normal |)otential equals 
—0.120 volt. 

Water itself does not attack lead, but in the presence of air lead 
is gradually destroyed by water, which converts it into lefixl hydroxide! -. 

2 Pb -f 0. -f 2 H/) - 2 Pb(()H)2 


However, in contact with hard watc^r k'ad b(icom(\s coated with 
a ])rotective film of insoluble salts (mainly lead sulphate and lead 
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basic? carbonate), wliic?h impedes the further action of the water 
and the formation of Pb(()H) 2 . As all soluble lead (?()in|)ounds are 
poisonous, lead jnpcs may be used safely for the delivery of drinking 
water only if the latter is hard. 

Dilute hydrochloric and sulphuric acids hardly attack lead owing 
to the low solubility of the (?oiTes])onding lead salts. Lead dissolves 
readily in nitric acid. Organic acids. es])ecially acetic, also dissolve 
lead in the ))resence of the oxygen of the air. The ])rocess takes place 
analogously to the dissolving of (?opper (st?e |). 544). 

I^ead dissolves also in alkalis, which convert it into phimhiles. 

The ap|)lications of le.ad are diverse. The chief consumers of lead 
arc' the cable and storage battery industric>s. where? it is usc?d to manu- 
fac?ture c?al)le sheaths and storage battery ])lates. At snl])huric acid 
plants lead is used to make the housings of towc'rs, the coils of coolers 
and other n\sponsible parts of the ec|ui])ment. Considerable cpiantitic?s 
of Ic'ad are used for the manufacture of ammunition, e.g., rifle and 
shrapnel bull(>ts. as well as shot. Jx?ad is a component part of many 
alloys, such as bearing alloys (babbits), type metal, solder, c'tc. 
Lead is a good absorber of gamma rays and is widely used for i)ro- 
teetion against gamma radiations in working with radioactive sub¬ 
stances. 

The ])rc)ductic)n of lead in the ca])italist countries totallc?d 1.6 million 
tons in 1954. 

In its compounds lead is mainly positively bivalent. However, 
like? the other elements of the germanium subgroup, it may be also 
j)ositively tetravalent. The compounds of tetravalent lead are much 
Ic'ss stable than those in wliich it is bivalent. 

ft has bc?en shown possible to prepare a volatile compound of lead 
and hydrogen PbH^, which is still less stable than SnH 4 . 

Lead forms two simple oxides PbO and PbOo. corresponding to 
its bi- and tc'travalent states, and two mixed oxidc?s PboOs and 
Pb 3 () 4 , in which both degrees of valency of lead are manifested 
simultaneously. Plumbous oxide Pb20. another compound of lead 
and oxygen, is very unstable. 

Compounds of hiralvni lead. Plmubic oxide PbO is a yellow j)OTvder 
wliich results when molten lead is heated in air. If strongly calcined 
it accpiires a reddish-yc?!low colour and in this form is known as 
iitho/rge. Idurnbic oxide has a variety of ajiplications: it is used to 
pre 7 )are other lead compounds, serves for filling the cells of storage 
battery plates, for the manufacture of certain types of glass, etc. 

Plumbic hydroxide Pb(OH )2 precipitates out when soluble bivalent 
lead salts are treated with alkalis. It is amphoteric in nature, dissolving 
in acids to form salts of bivalent lead and in alkalis, giving salts known as 
pi II 111 biles: 

Pb(OH )2 4 2 NaOH = NaaPbOg + 2 H 2 O 

Hodium pliimbite 



XXIJI. MKTALS OK THE KOl'irrH AM) KIKTM OROlM'S 


«(k; 

However, it is more' ])r(>bal)le thcai wlieji dissolved in alkalis pliiinbie 
hydroxide lV)iins hydro.xysalts. according to the ecpiation: 

Pb(()H),-:- NaOH - Na|Pb(()H),| 

Of the salts of bivahMit lead the following an' note\\(>rthy: 

1. L<(id chJoridv (!I) oi* phunhou,^ chloride PbOU is obtained as 
a wint(* |>reci])itat(‘ when solutions of lead salts are treated with 
hydrochloric acid or soluble chloride's. It is very slightly soluble 
in cold wat('r but dissolves considc'rably in hoi water. 

2. Lead iodide (II) or jdumhott^^ iodide PbL separates as a yellow 
prt'cipitate from solutions of lead salts when iodide-ion is added 
to them. It is ])ractieally iusohibk' in cold water but dissolves ratlier 
well in hot. giving a colourless solution. When the latter is cooled, 
the lead iodide falls out as lustrous golden-yellow crystals. 

.‘k Lend (fcetole (II) or phnvhous on tote IM)((’H .j( ^()()o)o is oiu' 
oi the few readily soluble lead salts aial is wid(‘ly used in laboratory 
]practice. Owing to its strong sweet taste lead acetate is also called 
hod ,^n{for. It is employed to colour fabrics and to obtain other lead 
c()m|)oimds. 

4. Leod stdjdfote (M) or jdtnnhotis sulpliote TbSO^ drops out as 
a white powd('r-lik(‘ preci|)itate wlu'n sul])huric acid is added to 
solutions of lead salts. Lead sulphate is almost insoluble in water 
and i»i dilute acids, but dissolves quite well in concentrated alkali 
solutions to form ])lumbites. (Concentrated sulj)huric acid also dissolvi's 
lead sulphate, converting it into the acid salt Pb(HS(),).>. 

r». Leod sulphide (II) or plumhous sulphide PbS separates as a 
black pr(‘ci|)itate upon the action of hydrogen sulphide on k'ad salts. 
Kor this reason, a ])iece of filter })aper moistened with a solution 
of any k'ad salt darkens rapidly if hydrogen sulphide is ])resent 
in the air even in insignificant (quantities, this often being used as 
a ti'st for hydrogen sul|)hide. PbS occurs in large (quantitic^s in Jiature 
as (pfieno. 

t). Basic leod corhoyiote (TI) l*b.,(()H) 5 ,((^();Jo ])reci])itates out of 
solutions of lead salts under the action of soda. Was fornH'rly widely 
list'd for the preparation of a Avhite oil paint (M‘ excelltmt covering 
power, known as leod irhife. tender the action of hydrogen sul])hi(le 
this yiaint dark('ns owing to the formation of dark lead sulphide (II) 
PbS (this being the reason for the darktming of old ])ictures painted 
with oil colours). 

As lead is very difficult to oxidize from its bivalent to its tetravalent 
state, bivalent lead salts, in contradistinction to tin salts, practically 
do ]iot possess redii(;ing ])i’oj)erti(\s. 

Corn pounds of tetrovoleni had. Lead, dioxide PbOa is a dark brown 
powdc'r formed by the action of strong oxidizers on lead oxide and 
salts of bivalent lead. Chemically lead dioxide resembles tin dioxide, 
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being aiiiphoterie with predominating acid properti(‘s. (V)rres]>()ndijig 
to lead dioxide are orf/io- and we/a])lumbie aeids and H^d^bO.,^. 

whieli do not exist in the free state but form ratlK'T' stnble salts. 
Kor instancf\ if lead dioxide is fused with ])otassium hydroxide', 
the result is the ])otassium salt of wr/aplumbie a(*id Kold)!).^. 

"Die basic ])roperties of lead dioxide are manifested in the foi inatiejn 
of very nnstabU^ salts of te'travalent lead. For instance, when lead 
dioxide is treated with hydrochloric acid, had chloride (l\d Pbflj 
is lii'st formed, but it v(‘rv readilv splits off chlorine and passes ijjto 
!>!)(%: 

VhO, - iH( ] PbCl, I :2 H.O 
Pb( 1 , Pbd., ( 1 , 

Both reactions are reversible. If a sus])eiision of Pb('ljj in hydro¬ 
chloric acid is act(‘d on with chlorine, lead tetrachloride will be obtained 
as an oily litpiid. solidifying at — into a crystalline mass. Water 
decom])oses it completely into lead dioxide and hydrochloric acid. 

Pb(1, : L> H,(): PbO. i 4HC1 

Another salt of tetiavalent lead is tlu' sulpliatc Pb(S().^)o. which 
is decom])osed by water similarly to PbCI^. 

Ahd had or wmiam 1^)304 is a bright red substance, used to pre])ar(‘ 
ordinary red oil ])aint. I^ed lead is obtained by prolonged heating 
of lead oxide in air. Tt may be regarded as a lead salt of oW//o])lninbic 
i Jl ; IV 

acid i'boIdjO..,. 

Wlien heated with dilute nitric acid red lead decomposes into lu'own 
lead dioxide: 

rb,Pb ()4 f 4 HNO., - 2 Pb(N ().,)2 + PbO., I 2 H.,() 

The other mixed oxide of h'ad ld)j ,()3 may be regarded as tlu' h'ad 
i II IV 

salt of mc/aplumbic acid ld)Pb() 3 . 

Lead dioxide and all the compounds of tetravalent lead are powerful 
oxidizing agents, owing to their instability. 

23(>. The Lead Storage Battery. The oxidizing pro])erties of tetrava¬ 
lent lead and its transition into tJie more stable bivalent state are tlie 
basis of the design and operation of widely used had .sforaye bath vies. 

Electric storage batteries are devices for accumulating electric 
})ower for use at some future moment. l\)wer is accumulated by 
passing electric current through the battery, thus giving rise to a chem¬ 
ical process during which electrical energy is transformed into chemi¬ 
cal ; the storage battery is then said to be charged. The charged battery 
may subsequently be used as a galvanic cell, whereupon the reaction 
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by which it was charged proceeds in the opposite direction, and tlie 
chemical energy accuniiilated in the storage battery is coiivc^rted back 
into electrical; as this energy is used nj), the battery is said to be 
ducliar(j(d. 

In tiie simplest case a lead storage cell* consists of two lead 
grids, the spaces of which are filled with a putty of lead oxide and 
water. The plates are immersed in a rectangular glass vessel containing 
dilute sulphuric acid of s])ecific gravity between l.lo and 1.20 (22 to 
28 ])er cent HoSO.J. 

Owing to the reaction 

rbO i l*bS().i I H/) 

the lead oxide is |)resently converted into lead sulphat(^ If din^ct 
cur?‘ent is now |)assed through the device by connecting one ])late 
to the negative and the other to the ])ositive pole of a current source, 
the l)atter\' will ])e charged, the following processes taking ])la(M‘ at tlu' 
electrodes: 

cathode 

- 11 0 
rbso 4 4-2c - Pb-f so/' 

anode 

PbSO^ - 2 -f 2 H,0 - PbO^ f 4 H * f SO 4 " 

Adding up these ecpiations we get the summary ecpiation of the 
reaction of charging a storage battery: 

2 PbS04 + i> H.O - Pb-t- PbO., i 4 H ' i- 2 SO 4 " 

Thus, as the current is ])assed through, the lead sul])hate at the 
cathode turns into a spongy mass of metallic lead and that at the 
anode, into dark brown lead dioxide. 

When this process is complete, the storage battery is fully charged. 
Oom])letion of charging is indicated by the w ater beginning to decom- 
])ose vigorously, liberating hydrogen at the cathode and oxygen at 
the anode (the accumulator is said to ‘‘boil”). 

If the ])lates of a charged storage l)attery are connected by means 
of a conductor, current arises in the latter, the electrons moving from 
the lead plate to the lead dioxide plate. The appearance of current is 
due to the follow ing. Some Pb‘ * ions pass into solution from the lead 
])late charging the latter negatively. The electrons liberated at the 
lead plate pass over to the PbO 2 and reduce the tetravalent lead into 

* A storage battery usually consists of sev(*ral storage cells eoniiocted in 
parallt‘1 and/or in series. 
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bivalent. As a result Pb’ * ions form at both plates and combine 
with the 804 " ions in solution into insoluble lead sulphate, discharging 
the battery. 

The })roc(^sses taking place during the discharge of a storage battery 
can be re})resented by the following scheme: 

Negati ve 1^ lect rc )de 

l>h — 2e +S 04 ''-PbS 04 
P()sitive Electnxle 


i’bO, + + 4 H - + 804 " - inl 8()4 + 2 H,() 

Addition of the above equations makes it oVjvious that the reaction 
taking place during discharge of the battery is the reverse of the charge 
reaction. 4'herefore both j)rocesses may be expressed by a single 
equation: 

churijr*' 

2 IM»S()4 f -2 H.O rh i TbOa i 4 H' | 2 804" 

cliseliarjfc 

Wlien a storage battery is discharged the concentration <.)f the 
sul])huric acid gradually decreases, owing to the consumption of 
H- -ion and 804 "-ion and the formation of water. Therefore, the degree 
of discharge of a storage battery can be judged by the specific gravity 
of the acid, measured by means of a densimot(M\ 

The e.m.f. of a lead storage battery equals two volts and under 
normal load remains almost unaltered throughout its entire period 
of operation. If the voltage begins to fall, the storage battery must 
be recharged. 
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237. (lieneral Features of the Titanium Subgroup. The titanium 
subgrouj) includes the fourth group elements of the Periodic Table, 
titaniuw, zirconium and hafnium, situated in the even series of the 
long periods. Formerly this subgroup also included the element thorium 
which is now, however, usually included in the actinide group (see 
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§ 266). As tlioriuni resembles the elements of the titanium subgroup 
in chemical y)ro])erties, shall describe it together with these ele¬ 
ments. Unlike the elements of the odd subgroup, the atoms of the 
titanium subgroup elements contain only two electroiis in their outer¬ 
most layer and are incapable of gaining electroiis. Therefore, no 
compounds are know'ii in which they arc negatively valent. At the 
same time, the maximum positive valency of the elements equals 4, 
as besides the two ont-ermost eloc^trons they are eapabk^ of yielding 
tw^o more electrons from their incoin])lete second last layer, which 
consists of ten electrons. 

Owing to the ])resejice of only two electrons in the onterniost elec¬ 
tron layer of their atoms, the metallic })ro})erties of the titanium 
subgrou]) elements are much more ]>ronounccd than is the case with 
the elements of the germanium subgrouj) and become stronger with 
increasing atomic number. For instance, titanium hydroxide Ti(OH )4 
is amphoteric, zirconium and hafnium hydroxides are juedominantly 
basic, while thorium hydroxide is exclusively basic. 

In tlie free state all four elements are typical metals, resembling 
steel. They all have rather high melting points. At ordinary t(un])era- 
tures the elements of the titanium subgrou]) are stable both against 
water and air, and, w ith the exception of titanium, an? quite resistant 
to the action of acids; but at high tcmqx^ratures they become very 
active, combining readily with the halogens, oxygen, sulphur, as well 
as wdth nitrogen and carbon. 

With the exception of titanium, which can be reduced quite readily 
to its lower valency state, the rest of the elements of this subgroup are 
almost always tetravalent in theii* compounds. 

The most important of them, from a })ractical standpoint, are 
titanium and zirconium. 

23H. Titanium; at. w1. 47.90. Titanium is very abundant in nature; 
it constitutes 0.61 pen* cent of the earth’s crust by w^eight. 

The most important titanium minerals are the 
FeTi() 3 *wFe 3 () 4 , ilmeniU' FeTiOj, sphnie or titannte CaTiSiOg and 
rtdile 'FiOg. The most imjiortant of them as a raw^ material for the 
production of titanium are the titanoinagnetites. 

The largest deposits of titanium ores in the U.S.8.K. are in the Urals. 

Metallic titanium has a specific gravity of 4.54 and melts at J ,725°(;. 
It is prepared in the free state from its dioxide by aluminothermy. 
Reduction of ferrotitanic ores results in an alloy of titanium and iron 
known as ferrotitanium and used in metallurgy for steel production. 
The addition of about 0.1 per cent titanium to stc^el greatly im[)roves 
its quality. The action of titanium is based ])artly on its ability to 
combine with the nitrogen contained in molten steel and thus to pre¬ 
vent the se]:)aration of the latter as bubbles when the steel solidifies; 
as a result, castings made of this steel are homogeneous and contain 
no cavities. 
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Under ordinary conditions titanium is not very active but at a 
liigli temperature it combines readily with the halogens, oxygen, 
sulf)hiir, nitrogen and other elements. 

However, the signilicance of titanium as a very valuable structural 
material became known comparatively recently, after the develop¬ 
ment of commercial methods of prej)aring the metal in its pure form. 

Pure titanium is obtained by reducing its chloride with metallic 
sodium or magnesium in an atmosphere of hydrogen, or by decompos¬ 
ing titanium iodide on a red-hot surface (see y). 528). 

Titanium can be obtained also by the reduction of its dioxide TiOg 
with metallic magnesium. However, the titanium produced by this 
method is not so pure. 

Pure titanium is readily amenable to nu^chanical treatment. It 
forg(\s w(^ll and can be rolled into sheets and l)ands and even into foil. 
Titanium is just a little heavier than aluminium, but it is three times 
as strong. This promises great opportunities for its apf)lication in. 
aircraft engineering. The resistance of titanium to sea water makes 
it a good ])lating for shi])s not recpiiring anti-corrosive coatings. 
Titanium can be employed as a material for responsible parts in 
chemical engineering and in turbine manufacture. The use of titanium 
or titanium alloy parts in internal combustion engines decreases the 
weight of the latter by about 20 per cent. 

The extensive use of titanium in engineering led to a rapid rise in 
its output. It will suffice to mention that while only 75 tons of titanium 
were produced in the U.8.A. in 1950, this figure had risen to 1,000 
tons by 1952 and was about 20,000 tons in 1955. 

The tJ.S.S.R. possesses large reserves of titanium ores, enabling 
extensive production of metallic titanium. 

At a high temperature titanium combines readily with the halogens, 
oxygen, sulphur, nitrogen and other elements. Titanium combines 
with carbon to form a carbide. (Carbides of titanium and tungsten 
with admixtures of cobalt give alloys almost as hard as diamond. 

Titanium dioxide TiOg can be prepared by calcining titanium in 
air or in an atmosphere of oxygen, as a white refractory substance 
insoluble in w^ater and dilute acids. Titanium dioxide is amyihoteric 
in nature, but both its basic and its acidic proj)crties are manifested 
very w^eakly. 

Titanium dioxide is used for the manufacture of a white oil paint 
of very high covering ])owT>r (titanium white) and also for the manu¬ 
facture of refractory glass, glazes, enamels and heat-resistant labora¬ 
tory glassw^are. 

239. Zirconium (Zirkoniiim); at. wt. 91.22. Thorium; at. wl. 232.05. 

Zirconium is rather abundant in the earth's crust, but it is highly 
dispersed and occurs rarely in considerable accumulations. In the 
U.S.S.R. deposits of zirconium ores have been found in the Donets 
Basin. 


39* 
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In the elemental state zirconium is a hard lustrous metal: its specifie 
gravity is 6.5 and melting point 1,860° It is used in metallurgy as 
an admixture to pig iron, raising the quality of the cast metal. Steels 
containing zirconium are suitable for the manufacture of armour, 
armour-])iercing shells, etc. 

For a long time extensive ai)plication of zirconium was impeded by 
the difficulty of its preparation. However, lately the extraction of 
zirconium from its ores has greatly increased owing to the fact 
that the pure metal j)ossesses a number of very valuable 
properties. 

Its high melting })oint, sufficient strength and great resistance to 
corrosion, in combinat ion with its almost coni])lete inability to capture 
thermal neutrons, make ])ure zirconium a good stru(*tural material for 
atomic reactors. 

Admixtures of zirconium in copper greatly enhance the strength of 
the latter without hardly decreasing its conductivity. A magnesium 
alloy containing 4 or 5 jier cent zinc and 0.6 to 0.7 per cent zirconium 
is twice as strong as ])ure magnesium and does not lose its strength 
even at 200° ( '. In 105;i, 56.5 per cent of the magnesium alloys manu¬ 
factured in (freat Britain contained zirconium as one of their admix¬ 
tures. The quality of aluminium alloys can also be considerably 
improved by adding zirconium to them. 

Zirconium dioxide ZrO^ i« an excellent refractory owing to its high 
melting point (about 2,700° C), its very low- coefficient of expansion 
and its stability against chemical action. It is used for the manufacture 
of various refractory wares, such as crucibles, in the glass industry 
zirconium dioxide is used to manufacture refractory glasses, and in 
the ceramic industry for the ])roduction of enamels and glazes. 

Zirconium carbide ZrC is employed, owing to its great hardness, as 
a grinding material and as a substitute for diamonds in cutting glass. 
Wide ay)])lication of zirconium is imyieded as yet by the difficulty 
of extracting it from its ores. 

Thorium is a radioactive element, its contcmt in the earth’s crust 
being 1 >: 10“^ ])er cent by weight. Minerals rich in thorium (such as 
thorite ThSi 04 ) occur very rarely, and therefore thorium is usually 
referred to as a rare element. The main source for the extraction of 
thorium is the mineral monuzite, which contains, besides thorium, 
various rare-earth elements. The largest deposits of thorium ores have 
been found in India. 

In the free state thorium is a metal having a specific gravity of 
11.5, melting at 1,800° C and resembling platinum in appearance. 

The practical importance of thorium is connected with the pro¬ 
duction of subatomic energy. Of some imyiortance is thorium nitrate 
(IV) Th(N 03 ) 4 , used for the preparation of incandescemt gas mantles. 
The latter contain about 02 per cent ThOg and 2 per cent CeOg and 
emit a bright wdiite light when strongly heated. 
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240. (ioneral Features of the Yanadiimi Subgroup. The vanadium 
subgroup includes tiie three elements, vanadimn, niobium and tantalnm. 
of the liflh grou]) of the Periodic Table, locak^d in the even series of 
tlie long ])eriods. Formerly this subgroup included also protactinium, 
which is now usually included in the actinide group (see § 206). Having 
twt) or even only one electron in the outermost layer of their atoms, 
the elements of the vanadium subgroup differ from the elements of 
the main subgroup (nitrogen, phosphorus, etc.) in the predominance 
of metallic properties and in the absence of hydrogen com])ounds. 
But the highest valency derivatives of the elements of both subgroups 
rcisemble each other in many respects. 

The most ty])ical compounds of* vanadium and its analogues are 
those in which they are ])entavalent. Their highest oxides arc of the 
natur(‘ of anhydrides, forming respectively vanadic, niobic and 
tantalic acids, each of which has a number of corresponding salts. 
The lower oxides poss(?ss basic properties only. 

In the free state vanadium, niobium and tantalum are greyish- 
w hite metals, very indifferent to all kinds of chemical action and with 
liigh melting points. The most im])ortant j)ractically is vanadium. 

241. Vaiiadiiiin; at. wt. 50.115. Vanadium com])ounds are rather 
abundant in nature but they are very dispersed and do not 
form considerable accumulations. For this reason vanadium is con- 
sidenHl a rare element, although its total content in the earth’s crust 
is estimated at 0.02 per cent and is a little higher than that of 
cop})er. 

The richest deposits of vanadium ores are in South America, in 
Peru. The world output of vanadium (not counting the U.S.S.R.) 
amounts to several thousand tons per year and falls mainly on Peru, 
the U.S.A., South-Western Africa and Northern Rhodesia. 

The main sources of vanadium in the U.S.S.R. are iron and poly¬ 
metallic ores, which contain small quantities of vanadium. Usually 
either an alloy of vanadium and iron, known as ferrovanadium, 
or salts of vanadic acid, are produced from the ores. 

Pure vanadium is a very hard, light metal, its specific gravity 
being 5.8 and its melting point 1,735® C. It does not oxidize in the air 
and is indifferent to hydrochloric and sulphuric acids, but dissolves 
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in hydrofluoric acid and in acids which are strong oxidants (nitric 
acid and aqua regia). 

Vanadium forms four oxides: V^O, V 2 O 3 , VO 2 and VgO^. The liigliest 
oxide of vanadium, vanadic anhyclride VaOr,, is pronouncedly acidic 
in nature; vanadium dioxide V ()2 is anqdioteric; both loAver oxides 
])ossess only basic properties. The most important is V 2 O 5 and its 
derivatives. 

Vanadic anhydridi' is an orange substance, readily soluble 

in alkalis, with whit^h it foiins Stalls of metavanadic acid HVO-j, 
an acid which has never been obtained in the fr*ee state. The salts 
of this acid are knowji as vaitadaies. One of them, the usual 
commercial pref)aration of vanadium, is avirnoninni melavanadale 
NH4VO3. 

The princi])al field of ap{)lication of metallic vanadium is steel 
manufacture. Steel containing only U. 1 to 0.3 per cent vanadium 
is very strong, resilient, has a high tensile strength and is ins(uisitive 
to jars and jolts, this being es])ecially important, for instance, for 
automobile axles, which are subjt^ct to shocks. In the chemical industry 
vanadic anhydride and vanadates are used as catalysts in t he contact 
process for the manufacture of sulphuric acid instead of platinum, 
Avhich is more expensive. Vanadium corn[)ounds are used also in the 
glass industry, in medicine and in ])hotogra])hy. 

242. Niohiimi; at. wt. 92.91. Tantalum; at. wt. 189.95. Both elements 
resemble vanadium in many respects. In the free state they are re¬ 
fractory, hard, but not brittle and eas,y to machine, ^'he s])ecific 
gravity of niobium is 8.6 and that of tantalum 16.6; niobium melts 
at 2,415^^0 and tantalum at 3,000° (1 

Niobium and tantalum are much less abundant in nature than 
vanadium; the content of niobium in the earth's crust is 3.2 x 10 
and that of tantalum 2.4xl0~'* ])cr cent by weight. 

In spite of the fact that niobium and tantalum belong to the rare 
elements they are produced in considerable quantities. In 1953 a total 
of 5,000 tons of ores containing niobium and tantalum was mined 
in the caf)italist cc)untries. Three quarters of this amount was mined 
in Nigeria and the Belgian Congo. 

Their exceedingly high resistance to corrosion makes niobium and 
tantalum similar to the noble metals; in some cases they are even 
superior to platinum. 

The high resistance of niobium and tantalum to chemical reagents 
renders these metals especially useful for the manufacture of chemicfd 
apx)aratuses and various parts of industrial chemical equipment. 
Cheaper and stronger than platinum, niobium and tantalum are 
gradually forcing it out of many s])heres of application. 

Niobium is employed mainly as an admixture to steel, greatly 
improving the mechanical qualities of the latter and its resistance 
to corrosion. Steels containing from 1 to 4 per cent of niobium are 
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very heat-r(>si.staiit and are used for the manufacture of high-])r(^ssure 
boilers and ])arts of jet motors working under high tempera¬ 
tures. 

Steel witli an admixture of niobium is an excellent material for 
th(? electric welding of steel structures, ensuring very high weld 
strengths. 

Recently tantalum, has been ernployefl in surgery for joining broken 
limbs. Its advantage over the materials used formerly for this pur|)Ose 
is tliat it does not irritate live tissue, and thus does not impair the 
vital activities of the organism. 

'rantalum and niobium car]>ides are very hard and are used in the 
metal -working industry for the manufacture of various types of cutting 
tools. 
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The metallic elements of the sixth group of tlic 
are chrornium. molybdeymm and tungslnu located in tlie even series 
of the long periods and constituting tlie secondary subgroup of 
the sixth group, otherwise known as the chromium mbgroup. 1'his 
subgrouf) formerly included the element uranium, which is now 
regarded as one of the actinides (see § As the chemical properties 
of uranium resendjle those of the other (dements of the chromium 
subgroup, we shall (?onsider it together with these elements. 

The outermost electron layer of the atoms of the chromium sub¬ 
group elements contains one or two electrons, which accounts for 
the metallic nature of these elements and tiieir difference from the 
elements of the main subgroup. At the same time, their maximum 
positive valency equals b, as, besides the outer electrons, a correspond¬ 
ing number of tdectrons from the in(;om])letc second last layer can 
also take part in the formation of bonds. 

(diromium and its analogues do not form hydride^s. I'hidr most 
ty])ical compounds are their derivatives of highest valency, which 
in many respects resemble the corres])onding (jornpounds of sulphur. 

The most important element of the subgroup under consideration 
is cliromiurn, which has found diverse applications both in the free 
state and as compounds. The analogues of chromium, molybdenum 
and tungsten, are classed as rare elements; like chromium, they are 
of great practical importance. 
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243. Chromium; at. wt. 52.01. The content of chromium in the 
earth’s crust amounts to 0.03 per cent by weight. It occurs in nature 
chiefly as chromite FeO CVgOg, rich deposits of which in the U.S.S.R. 
have been found in Kazakhstan and in the Urals. Outside the U.S.S.IU 
the largest deposits of high-grade chromium ores have })een found 
in the Union of South Africa, Turkey, Southern Rhodesia. I^hilii^pines 
and in Yugoslavia. In 1053 the production of chromium ores in th(' 
caj)italist countries amounted to 2.0 million tons, or, recalculated 
for metallic chromium, to 1.4 million tons. 

If chromite is reduced with (tarbon in an tdectric or regenerative 
furnace, the result is an alloy of chromium and iron known as ferro- 
chrome, which is used directly in the metallurgicjal industry for the 
l)roduction of chrome stec^ls. Pure chromium is obtained by first 
preparing chromic oxide and thcui reducing it by aluminothermy. 

Uhromium is a hard, white lustrous metal with a specific gravity 
of 7.14 and a melting point of 1,S00°(\ At ordinar\^ temperatures 
chromium is (piite indifferent to air and water. Dilute sulj)huric 
and hydiochloric acids dissolve chromium, liberating hydrogen. But 
chromium is, like alumijiiiim, insoluble in cold Jiitric acid, and after 
treatment with nitric acid becomes passive. 

Metallic chromium is employed mainly in the steel industiy. 
Steels containing 1 or 2 per cent chromium are very hard and strong 
and are used to manufacture tools, rifle and cannon barrels, armour 
plates and various machine ])arts. Steel containing about 12 per cent 
chromium is commonly known as “stainless steel.” Chrome platimj. 
i.e., coating other metals with chromium to protect them from corrosion, 
has lately found wide ap})lication, especially in the auto¬ 
mobile industry. (3irome plating is carried out by the electrolytic 
method, which gives a very hard, adherent, lustrous film of 
metal. 

Chromium forms three oxides: chrornous oxide CrO with basic 
})roperties; chromic oxide Cr .,()3 with amphoteric properties and 
chromic anhydride (’rO^, a real acidic oxide. In accordance with these 
three oxides chromium has three series of compounds. 

Compounds of bivalent chromium. When chroiniuTii dissolve.'? in hydrochloric 
a(^id, the result is a blue solution containing a salt of bivalent chromium, 
ckromous chloride Cr(.M.^. If an alkali is add(»d it) this solution a yellow pnnMpitate 
of chrornous hydroxide Cr(01rl)2 falls f)ut. If dissolved in sulphuric acid the 
precipitab^ is converted into C>S() 4 , etc. 

Bivalent chromium compounds are very unstable and are oxidized by the 
oxygen of the air into compounds of trivalent chromium. 

Com.j)ounds of trivalent chromium. Chromic oxide CVgOa is a green 
refractory substance, widely used under the name of green crown 
for the preparation of distemper and oil paint. When fused with sili¬ 
cates chromic oxide colours them green and is therefore used to colour 
glass and porcelain. 
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Chromic hydroxide Cr(()H )3 separates out as a bluish-grey pre- 
ci|)itate when salts of trivalent chromium are treated with alkalis: 

Cr-*- i 3 0H' -:|0r(0H)3 

Like aluminium, zinc and other hydroxides, it is amphoteric, 
dissolving in acids to form salts of trivalent (thromium, and in alkalis 
to form emerald green solutions of chromites, salts of chromous acid 

Cr(()H )3 i NaOH - Na("r(), f 2 H.O 

However, in such solutions chromium is prol>ablv present not 
as (VOo'-ion, but as the complex anion [('rlOH)^' (cf. aluminates, 
j). 51)2) which forms according to the reaction: 

(V(()H)3-! OH' l(>(()H);r 
or 

Or(OH )3 f- NaOH NalCVCOH)^] 

(kini])lex salts possessing this structure have lK>en obtained in crystalline 
form. 

On the other hand, chromites obtained by dry methods (for instance 
by fusing CtoO^ with oxides of other metals) and known mainly 
for the bivalent ni(‘tals, have a comj)osition corresponding to the 
formula Me(Cr02)2- These include also natural chromite Fe(Cr02)2* 

The most widespread salt of trivalent chromium is the double 
salt of chromium and potassium, chrome almn K( 'r(S 04 ) 2 * HVHgO, 
which forms bluish-violet crystals isornorphous with the crystals 
of aluminium alum. It is usually ])re]»ared by reducing ])otassium 
di(diromatc KgCroOy with sulphur dioxide (see ]). 021). Chrome alum 
is used in the leather industry for chrome tanning of leather and in 
the textile industry as a mordant in dyeing. 

Trivalent chromium salts greatly resemble those of aluminium. 
In aqueous solution they are greatly hydrolized and pass easily 
into basic salts. I^ike aluminium, trivalent chromium does not form 
salts at all with weak acids. 

Solulicms of trival(‘iit (rhroinium salts j>()SHt'ss a viTV iut(;rc>stiug property: 
ordinarily V)]nish-violet in colour, they turn grct*n when heated, but regfiin 
th(ar original colour sonic time after coolinj^. This cliaiif^jo in colour is due to the 
formation of isom<'ric hydrates of the salts which, according? to the Werner 
th(>ory, arc complex (ioinpourids in which all or jiart of the) w’^at(>r moh^cuh's are 
coordinalionally bound up in the inner sphere. In some cases such liydrates 
have been isolated in the solid form. For instance, the crystal hydrate of chromic 
chlorid-e CrOI.,-6 H^O is known to exist in three isomeric forms: as blue-violet, 
dark green and light green crystals of exactly th(j same (H)mjK)sition. Th(! nature 
of the isomery of chromic chloride hydrates becomes evident from the different 
attitud(j of th(i isomers in fr(\shly }m*par(Ml solut ion to silver nitrate. Under the 
action of the latter a solution of the blue-violet hydrate precijiitates all the 
chlorine contained in it, that of tht? tlark gnn^n hydrates ^/.j of its chlorine and 
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the light green hydrate only */» of its chlorine. If this, as well as thi‘ 6 -e.<)ordina- 
tion number of chloriiK?, is taken into aeiioimt, the crystal hydrates in (ju(‘stion 
may bo considered to have tlK> I'ollowing stnuftures: 

[ 0 r(H 2 ()yCl„ 1 Cr(H 20 ),CI 1 (^ 2 -HgO [Cr(H 20 ) 4 Cl 2 |(U• 2 H.O 

bluo-vu)lot dark litfht gnu'n 

Thus, tlie isomory of chromic cliloride hydrates is due to difh^rent arrange¬ 
ments of th(^ same grou])s (HgO and Cl') in the inner and outer sjdieres. 

(kmiyounds oj hcxavalent chromium. The chief compounds of hexa- 
valent (?hromiuiu are: chromic anhydride CrO;j and th(^ salts of its 
corresponding acids, namely chromic H 2 C^rO,j and dichromic 112 (^ 207 . 
Both acids exist only in aqueous solution and on attempts to isolate 
them from solution decom])ose immediately into chromic anhydride 
and water. But their salts are (piite stable. Salts of chromic acid 
are called chromates and those of dichromic acid— dichromates. 

The chromates of the alkali metals, which are soluble in water, 
ar(‘ obtained by oxidizing trivalent chromium compounds in the 
presence of an alkali. For instance, if a solution of potassium chromite 
is treated Avith bromine, the following reaction ensues, resulting in 
[)ot.assium chromate: 

2 KVvOo^ 4 3 Br. + S KOH - 2 K 2 Cr ()4 -4 6 KBr 4 4 H.,() 
or 

2 KlCr(()H) 4 ] j 3 Br 2 ! S KOH - 2 K 2 Cr ()4 i 0 KBr 4- s H 2 O 

i VI 

- Cr 

3 i Brg 4 2 c - - 2 Br- 

The fact that oxidation is taking place can be judged by the emerald 
gr(?en chromite solution turning bright yellow, the colour of (> 04 "-ion. 

('hromates can be produced also by dry methods, namely, by fusing 
Or’gOa with an alkali in the ])resence of an oxidant, such as potassium 
clilorato: 

CrgO., + 4 KOH + KV\0.^ - 2 K 2 OO 4 | KCl + 2 H 2 O 

Chromates are usually prepared from natural chromite Fe(Cr 02 ) 2 ; 
if the latter is lieated strongly wuth soda in the presence of the oxygen 
of the air the resulting fusion wull contain sodium chromate which 
can be extracted by water: 

4 Fe(Cr02)2 + 8 NagCO;, + 7 O 2 - B Na2Cr04 -j 2 Fo^O.^ + 8 CO 2 

Ml +111 

j Fe — e~ Fe 

4 A -f in I VI 

I 2 Cr 6 e- - 2 Cr 

-11 

7 02 + 4 e - 2 O 
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l\)tassiiiin chromate K 2 Cr ()4 Cfiii be obtained analogously by taking 
potash instead of soda. 

Almost all the chromates are yellow in colour. Some of them 
are used as paints. For instance, insoluble lead chromate l*b(V 04 is 
employed for the pre])aration of a yellow oil colour, called yellow 
crown. 

If a solution of any chromate, say K 2 CVO 4 , is acidified, the pure 
yellow colour of the solution changes to orange due to the transition 
of (V() 4 "-ion into CroO^^-ion. From the resulting solution a salt 
of dichromic acid, potassium dichromate K 2 Cro 07 , can be isolated 
as orange-red crystals. The reaction of transformation of chromate 
into dichromate is represented by the equation 

2 ( W)4" ^ 2 H * 0207" f HaO 

The arrows show that the reaction is reversible. I'his means that 
wlien dichromate is dissolved in water a certain, albeit insignificant, 
cpiantity of H‘- and 004 "-ion is formed owing to the interaction 
between ('r 207 ''-ion and water (the solution reacts acid). If an alkali 
is added to sikjIi a solution the hydroxyl-ion will bind the hydrogen-ion 
in solution, the ecpiilibrium will shift to the left and, as a result, 
dichromate will be converted back into chromate. Thus, in an excess 
of hydrox^d-ion practically only (.VO 4 ", i.e., chromate-ion, exists 
in solution, and in an excess of hydrogen-ion only dichromate- 
ion. 

Chromates and dichromates are very [lowerful oxidants. That is 
why they are used constantly in chemical practice for the oxidation 
of various substances. Oxidation is ca-rried out in acid solution. 
Acting as an oxidant, Cr 207 "-ion, which contains hexavalent chrom¬ 
ium, gains electrons and passes into trivalent chromic-ion. Oxidation 
is usually accompanied by a shar]> change in colour (solutions of 
dichroinates are orange, while trivalent chromium salts are green or 
greenish-violet). 

Given below are several examples of oxidation-reduction reactions 
involving dichrornates. 

1 . If hydrogen sulphide is passed through a dichromate solution 
acidified with sulphuric acid, the orange solution turns green and 
at the same time the liquid becomes turbid due to the liberation 
of sulphur: 


KaCVgO, -f 3 H2S + 4 H2SO4 - (>2(804)3 -f 3 8 4 - K2SO4 + 7 H2O 

^ VI f ill 

1 2 Or -b 6 c - - 2 Cr 

-u 0 

3 8 -h 2 c- = 8 
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2 . Concentrated hydrochloric acid reacts witli j)otassiinn dichroniatc, 
liberating chlorine and resulting in a green solution, containing a 
trivalent chromium salt; 


K/JrgOv -t 14 HC\ - 2 (>(^3 + 3 CL, + 2 KVA + 7 H,() 

8 . Tf sulphur dioxide is passed through a concentrated solution 
of potassium dichromate, containiiig a sufficient amount of sulphuric 
acid, equimolecuiar cpiantities of potassium sulphate and chromic 
sulphate are formed: 

K 3 Cr./),+3SO2 i - K^SO^ + H/) 

If the resulting solution is evaporated chrome alum, K(.V(S() 4 ) 2 * 
• 12 H 2 O, (Jrystallizes out. This reaction is em])lov€Ml for the industrial 
preparation of chrome alum. 

The most ini|K)rtant dichromates are: potdHHiam dichromate K. 2 Cr 2 ();, 
which forms large orange-red crystals, siwd mdium dic/iromaff'Kix • 
■ 2 H 2 O, which crystallizes with two molecules of water. Jloth salts 
are widely used under the name of diehromates as oxidants in the 
manufacture of many organic compounds, in the leather industry 
for tanning leather, in the match and textile industries, etc. 

A mixture of conccmtrated sulphuric acid and an aqueous solution 
of potassium or sodium dichromate, known as “chromic acid mixture/’ 
is often used for vigorous oxidation. 

All chromic acid salts are poisonous. 

Chrojnic anhydride CrOg separates out as dark red needle-like 
crystals when a saturated solution of potassium or sodium dichromate 
is treated with concentrated sulphuric acid: 

K2(>207 ^ >12804 - I 2 003 4 K2SO4 -f H2O 

Chromic anhydride is one of the most ])owerful oxidizing agents. 
Some organic substances, such as alcohol, even burst into flame 
when brought into contact with it. In oxidizing other substances, 
chromic anhydride is itself converted into O 2 O 3 . 

( 8 iromic anhydride dissolves readily in water, forming chromic and 
dichromic acids. 

244. Molyhderiuin (Molibdenium); at. wt. 95.95. The chief natural 
compound of molybdenum is the mineral molybdenite MoS,, very 
similar in appearance to gra])hite and long considered such. In 1778 
Scheele showed that the action of nitric acid on molybdenite results 
in a white residue possessing the properties of an aci(l. Scheele called 
this residue molybdic acid and drew the absolutely correct conclusion 
that the mineral itself w^as the sulphide of a new element. Five years 
later the element was obtained in the free state by calcining molybdic 
acid with charcoal. 
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The total content of inolybdeniim in the earth's crust is 0.001 
per cent by weight. The largest deposits of molybdenum ores have 
been found in the U.S.A. in the State of Colorado. Deposits of these 
ores have been found also in the U.S.S.R., Mexico, Norway, Morocco 
and Peru. Large quantities of molybdenum are contained in sulphide 
copper ores. 

Ihe world production of molybdenum ore in 1953 exceeded 30,000 
tons (not counting the U.S.S.R.). 

To ])repare metallic molybdenum from molybdenite the latter is 
roasted to convert it into molybdic anhydride, which is reduced 
to the metal with hydrogen or by aluminothermy. If reduced with 
hydrogen the molybdenum is obtained as a }>owder, owing to its 
very high melting point. 

The ])owder thus obtained is moulded into rods and then heated 
with a strong alternating current almost to incipient melting, after 
which the caked mass is forged or rolled at a high temperature. 

The method of preparing a metal by compressing a metal pow<i(>r 

and heating the resulting ware to a temperature nf)t high enough to melt the 
metal completely’, is known as powder metallurgy^ or metalloceramics. Powder 
metallurgy is an advanced method of manufact uring various wares from met als, 
especially refractory ones (tungsten, molybdeiiurn, edc.). lV)wder metallurgy^ 
methods are used to make tungsten and molybdenum wire, hard alloys on the 
basis of tungsten and titanium carbides, etc. 

Molybdenum is a silvery-white metal with a s})ecifio gravity of 
10.3 and a melting point of 2,622° C. At ordinary temperatures it 
does not change in the air but burns when strongly heated, turning 
into white molybdic anhydride M 0 O 3 . Molybdenum is not attackeil 
by hydrochloric or dilute sulphuric acid; it dissolves only in nitric 
acid or hot concentrated sulphuric acid. 

About 90 per cent of all the molybdenum produced is used for 
the production of various special brands of steel. The introduction 
of molybdenum into steel increases its resilience, makes the steel 
stronger, refractory and resistant to corrosion. Molybdenum steels 
are quite indispensable in the aircraft and automobile industries. 
They are used also for the manufacture of rifle and cannon barrels, 
armour plates, shafts, etc. 

Molybdenum may be hexa-, penta-, tetra-, tri- and bivalent in 
its compounds. The most stable compounds are those of hexavalent 
molybdenum. The most important of them are the salts of molybdic 
acid H 2 MoC) 4 , known as molybdates, and often of a very complex 
composition. 

Ammonium molybdate (NH 4 )gMo 7024 -4 HgO is used in analysis for 
the detection and quantitative determination of phosphoric acid 
with which it forms a characteristic yellow precipitate of the com¬ 
position (NH 4 ) 3 P 04 • 12 M 0 O 3 • 6 HgO. 
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If an acidified solution of molybdic acid is reduced with zinc, 
a dark blue liquid results, this being a coUoidal solution, known as 
molybdemim blue, of the composition ]VIo 50 i 4 (a mixture of various 
molybdenum oxides). Molybdenum blue is readily adsorbed by veg¬ 
etable and animal fibres and is used for colouring feathers, hair, 
furs, silk, etc. 

245, Tungsten (Wolfram); at. wt. 183.92. The natural compounds 
of tungsten are in most cases salts of tungstic acid H 2 WO 4 . The most 
im]>ortant tungsten ore, wolframite, is an isomorphic mixture of iron 
and manganese tungstates (Fe,Mn) WO 4 . 

Another frequently occurring mineral is scheelite 0 aW 04 , so named 
in honour of Scheele who in 1781 first obtained tungstic acid from it. 

Tungsten is less abundant in the earth’s crust (0.007 per cent 
by weight) than chromium but somewhat more so than molybdenum. 
Large deposits of tungsten have been discovered in China, Burma, 
Bolivia, on the Malay Islands and in Portugal. In 1953 the world 
production of tungsten ore (not counting the IJ.S.S.R.), recalculated 
for WO 3 , exceeded 42,000 tons. 


To extract tungsten from wolframite the latter is fnscxl with soda in th<^ 
presence of air. The tun^ten passes into sodium tungstate Xa2W()4, which is 
leached out of the resulting fusion with water, while the iron and manganese 
are converted into the insoluble compounds FCjjOj and Mn^O^ (cf. production 
of (jhromates from chromite). 

Free tungstic acid can be isolated as an amorphous yellow precipitate from 
the resulting aqueous solution by the action of hydrochloric acid: 

NagWO^ 4 2 HCI - I H2WO4 2 ^^aCl 

If tungstic acid is calcined it passes into tungstic anhydride W03. The metallic 
tungsten powder obtained by reducing the anhydride wdth carbon or hydrogen 
is then subjected to the same treatment as molybdenum powder to convert 
it into the compact metal. 

Metallic tungsten is a heavy white metal with a specific gravity 
of 19.3. Its melting point (3,380° C) is higher than that of any other 
metal. Tungsten can be welded and drawn into fibres as thin as 
0.2 mm. in diameter. 

Tungsten oxidizes in air only at red heat. It is very indifferent 
to acids, even to aqua regia, but dissolves in a mixture of nitric 
and hydrofluoric acids. 

Most of the tungsten extracted is employed in metallurgy for the 
preparation of special steels and alloys. High-speed tool steel contains 
up to 18 or 22 per cent of tungsten and is capable of self-hardening. 
Such a steel does not lose its hardness even if heated to redness. 
That is why the use of cutting tools made of tungsten steel makes 
it possible considerably to increase the metal cutting speeds. 

Another branch of industry which makes wdde use of tungsten 
is the manufacture of electric incandescent light bulbs, for w^hich 
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tungsten is indispensable owing to its liigh melting point. As is known, 
the quantity of light emitted by a hot body depends on the temperature 
of the body. The higher the temperature, the higher the relative 
amount of thermal or electric energy converted into luminous energy. 
The carbon filaments used in the first electric light bulbs could not 
be heated above the temperature of emission of yellow light, as the 
carbon would begin to evaporate at higher temperatures; tungsten, 
on the other hand, docs not evaporate practically even at white 
heat. The use of tungsten filaments in incandescent lamps made 
it possible to convert a larger portion of the electrical energy into 
luminous energy than wdth the use of carbon filaments. That is wh y elec¬ 
tric light bulb filaments are now made almost exclusively of tungsten. 

Tungsten compounds greatly resemble tliose of molybdenum. The 
most important are tungstic acid H. 2 VV ()4 and its salts, known as 
fiiiigstates. Some tungstates are used as oil colours. 

The tungsten carbides WC and W^C are almost as hard as diamond. 
They are composite j)arts of the so-called superhard carbide alloys, 
widely used in the national economy. For instance, the alloy '‘pobedit'’ 
manufactured by Soviet j^lants consists of tungsfen carbides with 
a 10 per c^ent admixture of metallic cobalt. The use of su])erhard 
carbide alloys in the rnetal-working industry has made it possible 
considerably to increase machine output. 

246. Uranium; at. wt. 23S.07. Uranium is l€\ss abundant in nature 
than the metals of the chi'omium subgroup. Its content in the earth’s 
crust amounts to 0.0004 ])er cent by weight. The most important 
uranium ore, pitch-blende, is a mineral of very complex composition, 
containing about 80 per cent of the oxide UgOg. KJch deposits of 
this ore have been found in (.•entral Africa (Belgian (\)ngo). 8 upi)lics 
of uranium ores have been discovered also in Canada, the U.S.A., 
Norway, Australia and other countries. 

Uranium is a white metal having a specific gravity of 18.3 and a 
melting point of 1,133"’C. Unlike molybdenum and tungsten, uranium 
is very active: if even gently heated it bursts into flame in the air, 
combines readily with the halogens and sul])hur, displaces hydrogen 
from dilute acids, forming salts in which it behaves like a tetravalent 
metal. In very finely divided form it will displace hydrogen even from 
warm water. 

Uranium forms a rather large number of com])ounds. The most 
characteristic of them are those in which it is hexavalent. 

Uranium trioxide or uranic anhydride UO 3 is produced as an 
orange powder by the decom])osition of certain more complex uranium 
com})ounds. It has the character of an amphoteric oxide, forming 
salts with both acids and bases. When dissolved in acids, uranium 
trioxide forms salts in which the part of the metal is played by the 
positive doubly charged ion U 02 ^ ^, known as uranyl (for instance, 
UOgCl., etc.).‘ 
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llranyl Ksalts are usually yellowish-green and dissolve readily in 
water. Uranyl nitrate U 02 (N 03)2 is used in photography. 

Under the action of alkalis, solutions of uranium salts give salts 
of uranic add H 2 UO 4 , called uranates and diuranates, such as NagUO^ 
and Na 2 U 207 . Many other uranates can be obtained by heating 
UO 3 with various basic oxides. Sodium diuranate Na 2 U 207 is used 
to colour i)orcelain and for the manufacture of uranium glass, which 
huojTsces with a yellowish-green colour. 

If uranium or its compounds are calcined in the air the result is 
always the mixed oxide UgOg (or U 02 * 2 IJ 03 ), the most stable of 
all the uranium oxides. 

As to the use of uranium for the production of atomic energy 
see § 
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* StaV)U\si is()topL\ 

The secondary subgrouj) of the seventh group includes the elements 
of the even series of the long periods manganese, technetium and 
rheniim. The relation between these elements and those of the main 
subgroup of the seventh group, i.e., the halogens, is about the same 
as b(d-weon the elements of the main and secondary subgroups of 
the sixth group. Having only two electrons in the outermost layer 
of their atoms, manganese and its analogues are incapable of gaining 
electrons, and, eontrar>' to the halogens, do not form hydrides. 
However, the highest oxygen compounds of these elements have some 
resemblance to tlie coiTesponding compounds of the halogens, as 
seven electrons can ])articipate in the formation of bonds with oxygen 
just as is the case with the halogens. Tlierefore, their highest positive 
valency ecpials 7. 

Of the elements of the manganese subgroup, the most important 
is manganese itself. Ilhenium, discovered in 1925, is a very rare 
element, but, owing to a number of valuable properties, has already 
found certain practical apj)lications. Technetium does not occur 
in nature. It was produced artificially in 1937 by bombarding mo¬ 
lybdenum nuclei with deuterons, heavy hydrogen nuclei, accelerated 
by means of a cyclotron (see § 261). Technetium was the first element 
obtained artificially, “technically,'’ which accounts for its name. The 
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chie?f raw materiaJs for the preparation of technetium are the products 
formed during the operation of nuclear i-eactors (see § 267). 

247. Manganese (Mangaimm); at. wt. 54.94. Manganese is one of 
the more abundant elements, constituting 0.1 per cent of the weight 
of the earth’s crust. The most frequently occurring natural compound 
containing niangaiiese is the mineral jyyrolmite, manganese dioxide 
MnOg. Of great importance are also the minerals hmmnannite Mn;j 04 
and hrowniie Mn^Og. Deposits of high grade manganese ores have 
been found in South Africa, India and Brazil. 

I'he production of manganese ore (rccalcuhated for metallic man¬ 
ganese) amounted to 2.86 milJion tons in 1958 in the capitalist coun¬ 
tries alone. The U.S.S.R. possesses especially large reserves of manganese. 
Yery rich deposits of pyrolusite have been found in the Transcaucasia 
(Chiatura dej)osits) and in the Ukraine, in the Nikopol District; 
considerable reserves of manganese ores have been found also in 
the Urals and in Western Siberia. The U.S.S.R. ])ossesses the largest 
reserves of high-grade manganese ores in the world. 

Metallic manganese is prepared by reduction of its oxides with 
aluminium. It is a hard lustrous metal with a s[)ccific gravity of 7.4, 
resembling iron in appearance and melting at 1,250°(^ In the air 
manganese becomes coated with a thin oxide film. In the e.m.f. 
series manganese stands betw’een aluminium and zinc; it dissolves 
readily in dilute acids, liberating hydrogen and forming Mn**- 
ion. 

The most important application of manganese is in the metallurgical 
industry. The addition of manganese to pig iron when tlie latter 
is being converted into steel helps to remoA e the sulphur contained 
in the iron by forcing it into the slag; in the absence of manganese 
the sulphur remains in the steel and greatly inhibits its mechanical 
j)roperties. Mangaiu^se is not used in the pure form in steel smelting, 
but in the form of its alloys with iron, known as spi&jd and ferro- 
manganese. .Spiegel or specular iron is obtained by reducing a mixture 
of iron and manganese ores wdth coke in a blast furnace, and contains 
10 to 25 per cent manganese; ferromanganese, which contains up 
to 80 per cent manganese, is ])repared from pyrolusite and iron 
ores in electric furnaces. Steel containing 12 to 15 per cent manganese 
is very hard and highly resistant to shocks and wear. It is used for 
tlie manufacture of crushing machines, railway rails, etc. Alloy sleds 
(i.e., alloys of steel and other metals), containing, besides manganese, 
admixtures of chromium and vanadium, are widely used in engineering. 
A very important alloy for electrical engineering is manganin (83 per 
cent copper, 18 per cent manganese and 4 jier cent nickel); manganin 
wire is used to make resistance coils, as its electrical conductivity 
is almost independent of the temperature. 

Manganese forms five simple oxides, namely, MnO, MugOg, MnOg, 
MnOg, MiigO^ and a mixed oxide Mn 304 (or Mn() MugOa). The first tw’o 



247. MAMCJANESK 


627 


oxides are basic in character, manganese dioxide MnOg is amphoteric 
and the liigher oxides Mn()jj and MnjjO^ are acid anhydrides. Thus, 
the character of the oxide gradates with increasing valency in the 
same manner as in the chromium subgroup. 

The most important jnactically are the derivatives of bivalent 
manganese, manganese (lioxide and the salts of permanganic acid, 
known as permanganates, in which manganese is heptavalent. 

Compounds of bivalent manganese. Bivalent manganese salts are 
obtained by dissolving manganese in dilute acids or by the action 
of acids on various natural manganese compounds. For instance, 
mantjanous chloride MnClg can be evolved as light pink cr^'stals 
from the solution left after the preparation of (;hlorine by the action 
of hydrochloric acid on manganese dioxide. In thci solid form man¬ 
ganous salts are usually pink; their solutions are almost colour¬ 
less. 

The addition of alkalis to solutions of bivalent manganese salts 
throws down a white ]:)recipitate of manganous hydroxide Mn(OH) 2 . 
The precij)itate dissolves readily in acids, but is insoluble in alkalis, 
as manganous hydroxide j)ossesscs only basic properties. In the air 
the preeij^itat-e darkens rapidly, being oxidized into brown hydrated 
manganese dioxide Mu(OH) 4 . 

Manganous oxide MnO can be produced as a green powder by re¬ 
ducing manganese oxides with hydrogen. 

Compounds of ietravaleni manganese. The most stable compound 
of manganese is manga/nese dioxide MnOg; it is formed readily both 
by oxidation of the lower compounds of manganese and by reduction 
of its higher compounds. Manganese dioxide is amphoteric in character. 
However, both its acidic and basic proj)eT*ties are but weakly i)ro- 
noiinced. 

Manganese dioxide is a rather powerful oxidizing agent. It is 
used as such, for instance, in the preparation of chlorine from hydro¬ 
chloric acid, in dry galvanic cells, in glass manufacture, in the match 
industiy, etc. Tetravalent manganese salts, for instance MnCl 4 , 
Mn(S 04 ) 2 , are very unstable. 

Compounds of hexa- and heptavalent manganese. If manganese dioxide 
is fused wdth potash and saltpetre (as an oxidant) the result is a green 
fusion winch dissolves in w'^ater to give a beautiful green solution. 
From the latter dark green crystals of potassium manganate KgMnC)^ 
can be isolated. This salt is very unstable even in manganic acid 
(H 2 Mn 04 ) solution. 

Potassium manganate forms according to the following equation: 

H IV +V 4 VI KlU 

MnOa I KgCOg + KNO3 - K2Mn()4 4 KNO2 I CO^ 

If a gri'Cii manganate solution is left standing in the air, its colour ^aduaJIy 
changes, passing fnnn grtwii to blue and finally to violet. The change in colour 
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is duo lo tho fad. tliat in aquoous solulion mauganatos oliang(> si)()ntauoously 
into ponnanganatOM, salts of permanganic^ acid HMnO^, and inanganose dioxi<lo. 
The reaotiou that taki^ plac^o may ho roprosent(>d by the e(]uation 

3 K 2 Mn ()4 I 2 H/) r- 2 KlVluO^ + MnOj | 4 KOH 

inanjfHTmtt' jnTinaiiifanalo 


or its ionic* c>(|nivaic^ut 


3 MnO^" 1 2 HgO 2 Mn 04 ^ + MnO, f 4 OH' 


2 


! VI ! Vll 

Mil c -- Mn 


I 4vr t IV 

1 i Mn f 2 e ~ Mn 


In tliis reaction a MnO./' ion oxidi/c's two similar ions into MnO^'ions, and is 
itself rcHluced t-o manganese dioxides MnO^. 

'fho transformation of rnanganate into pc'rmanganati' is a revei-sihlc' r(*aciion. 
Therefor<% in the pres(>nce of an excess of hydroxyl-ion a gret?u solut ion of 
manganat(> (!an keep for a long tiinc^ without changing. lIowe'vcT, if an ii(*i<l is 
added, binding thc'. hydroxyl-ion, the green c^olour changes almost instantane¬ 
ously to dark rod. 

If a .rnaiigaiiate solution is treated with a jiowerfiil oxidizing agtuit, 
such as chlorine, all the Tnangauese passes from the hexavalent into 
heptavaleiit state, and thus the mangauate is converted completely 
into ])erma,nganate: 

2 KgMnO^ + CJg - 2 KMnO^ + 2 Ki \ 

Potassium pirmanrfanate KMnO^ is ])ractically the most important 
salt of })ermangani(* acid. Jt crystallizes in btsautiful dark violet, 
almost black, prisms, moderately soluble in water. Solutions of po¬ 
tassium jierrnanganate are dark red and at higlu^r (concentrations 
violet, which is the charact(Tistic colour of MnO^'-ion. Like all eom- 
])Ounds of heptavalent manganese, potassium ])(u*manganate is a 
powerful oxidant. It readily oxidizers many organic substanc^os, 
converts ferrous salts into ferric, oxidiz<\s sulphurous acid into sul¬ 
phuric, displaces (chlorine from hydrochloric a(dd, (dc. 

In oxidation reactions involving potassium permanganate hepta¬ 
valent manganese is reduced either to the tetravalent state, in which 
case the prodiuit is manganese dioxide, or to the bivalent state, 
forming salts of manganous oxide. The nature of the oxidation re¬ 
action depends on the medium in wdiich it is carried out. In acid 
solution heptavalent manganese is reduced to bivalent, in neutral 
or alkaline solution—to tetravalent. Both cases may be illustrated 
graphically by the rcnK^tioris between j)otassium permanganate and 
soluble sulphites in acid and neutral solution. 

If potassium sulphite K 2 S ()3 is added to a red-violet solution of 
potassium permanganate acidified with sul])huric acid, the liquid 
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tiinis almost colourless, as tlie bivakuit manganese salt formed is of a 
light pink (;oloin*. The reaction that takes place can he (‘xpressed by tlie 
equation 

2 KMiiO^ i 5 KoSO, I- :J - 2 MnHO^ ! 0 K^SO^ 1 3 H/) 

or in the ionic form 

2 MnO^' f 5 80/ I 0 H * - 2 Mn* 15 SO/ 4 H/) 

:VJI ! J 1 

2 I Mn f ^ ^ =” Mn 

^ IV I VI 

5 ; 8 - 2 r 8 

The addition of 1X2803 to a neutral solution (T ])otassium jierman- 
ganate also decolourizes the solution, but a brown ]aecipitate of man 
ganese dioxide falls out besides^ and the licjuid becoim\s alkaline: 

2 KMuO^ f 3 K 28 O 3 4 H 2 O - 1 2 MnOg 4 3 KSO, 4 2 KOH 


or in tlie ionics form 

2 MnO/ i- 3 SO 3 " f HoO - 4 ^“<>2 + 3 -4 2 OH' 


: VII } IV 

2 ; Mn ! 3 e~ ~ Mn 

i IV f VI 

8... 2c -8 


In alkaline solution the reaction usually follows the same course 
as in neutral. In excejitional cases, with very high concentrations of 
alkali and small quantities of reductant, manganate-ion may result 
instead of Mn02. according to the equation 

2 MnO/ I 803" i 2 OH' - 2 114104" + + H2O 


fVIl \\l 

2 i Mn -f c ™ Mn 
■ Iiv -l-VI 

I ; s—2c--S 


Potassium ])ermanganate is widely lused as a })owerful oxidant in 
chemical practice and is also an excellent disinfectant. 

If heated dry potassium permanganate decomposes at as low a 
temperature as 20d"T\ according to the equation 


2 KMn 04 ~ K 2 Mn 04 ! MnOa [ O 2 
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.>r X-XIV. MET.ALS OF THE SIXTH AND SKVKNTH CHOUl’s 


This roactioii is soiiietiiiips cHiployed in the Iciboiutoiy for tha 
gcncnitiov of oxvgon. 

■ fYee permamjanir arid HMuO^, corfespoiiding to the permanganates, 
has not bcum ol)tai(ie(l in the anhydrous state and is icnown only in 
solution. Tlie concentration of its solution may be increased as high 
as 20 per (!ent. It is a very strong acid, comphjtely ionized in a(pieons 
sohition; its a])parent degree of ionization in 0.1 N. solution equals 
93 per cent. 

Manganic anhydride MiuO; can be obtained by the action of con¬ 
centrated sul])huric acid on jx»ta.ssium permanganate: 

2 KMnOi i H..SO4 - Mn./)^ ■ K.,S()4 + H^O 

It is a gi'eet»i.sh-l)rowji oily liquid, A'cry unstable, decomposing 
eruptively into manganese dioxide and oxygen when heated or brouglit 
into contact with (combustible substances. 

218. Ithenium; at. wt. 186.31. The existence of rhenium in nature 
was i^redicted as for ba(!k as 1871 by f). Mendeleyev, who called it 
eka-mangaiHcse. Ilhenium is one of the most dis])ersed (dements and 
doe.s not form individual minerals. It is contained in insignificant 
(piantities in certain molybdenum ores and other lare minerals. 

In the frc(‘ state rhenium is a white metal resembling ])latinuni in 
ai)pearanco; its .specific gravity is 2D.1> and its melting point 3,170‘'C. 
jiilute hydrochloric and sulphuric acids do not attack rhenium. 
Nitric acid dissolves it readily, oxidizing it. to ])errhenic acid If lleO^. 

Khenium forms .sev(cral oxides, of wdneh the most stable and char¬ 
acteristic is rhcnic anhydride KcgO,. a yellow solid. Rheni(c anhydride 
reacts with water to give a colourkcss solution of perrhenic acid HRe() 4 , 
which forms a series of salts known as p<crrheiiafes. Lhilike permanganic 
acid and its salts, perrlienic acid and the perrhenates do not, as a 
rule. ])o.ssess oxidizing })ropertie.s. 

Owing to its refractoriness, metallic rhenium is of great interest in 
electrical engineering: admixtures of rhenium raise the resistance of 
tungsten) filaments used in electric light Imlbs and increase their 
lifetime. Rh(niium is used as an alloy with ])latinum for the manu¬ 
facture of high i)recisioji thermocouples suitable for mefisuring terajier- 
atiires up to 1,900^0. Rhenium alloys are used to manufacture the 
tips of steel fountain-j)en nibs, bearing pin ])oints for com])as.s needles, 
and other parts recpiiring great hardness and high resistamse to wear 
and corrosion. Rhenium is used also as a catalyst in various chemical 
proces.ses. 
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EIGHTH GROUP OF THE PERIODIC TABLE 


The eighth grovip of the Perhxlic Table consists of the three triads 
of elements located in the middle of the long periods. The first triad 
eom])rises the elements iron, cobalt and nickel (atomic numbt^rs 2G to 
2S), the second triad includes ruthenium, 7'hodium and jjalladimn 
(atomic numbers 44 to 46) and the third triad— osmium, iridimn and 
plniinimi (atomic numbers 76 to 7S). 

Most of the elements of the eighth group have two electrons in the 
outermost electron layer of their atoms, so that their ])roperties are 
j)redominantly metallic. Besides the outer electrons, thej^ are capable 
of yielding electrons from their incom[)]ete second last layer, manifest¬ 
ing a valency of j-fb -fA, etc. HowcA^er, valency exceeding 4 is mani¬ 
fested A’cry rarely. 

A com])arison of tlie physical and chemical properties of tlie elements 
of the eighth group shows that iron, cobalt and nickel, situated in the 
first long period, resemble each other very closely but differ pronounc¬ 
edly from the olemtuits of tlie two other triads. For that reason they 
are usually united into a separate iron subgroup. The other six elements 
of the eiglith group are united under tlie generic name of platinum 
metals. 


IRON SITBOROIP 
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219. Iron in Nature. Iron (ferruiu), at. wt. 55.85, is the most abun¬ 
dant metal on the globe, afk^r aluminium, constituting 4.2 per cent 
of the weight of the earth’s crust. Iron occurs only in the form of 
various coinjioimds: oxides, suljihides, silicates. It is found in the free 
state only in meteorites that fall on the earth. 
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The most important ii’ori ores are: w(t(/nefic iron ore or mngnetite 
red iron ore or hcrnaiite ^ 0303 , hrown lienidtite or limomfe 
2 FooO^ '^ ^ 2 ^^ .s/w//r/r iron or siderile FeCX)^. Iron pyriiea or just 

pyrite .K(‘S.> is rarely used in nu^tallurgy. as tluj iron obtained from it 
is of very low quality, due to liigli sul])lvur eontent. Being of little 
interest for metallurgy, ])yrite has nevertheless Ibund an important 
ap])lieation as a raw material for tlu* manufacture of sulpliuric- 
acid. 

In the Soviet Ibiion deposits of iron ores have becai found iji the 
Frals, in the form of hills (e.g., Alagnitnaya. Kachkanar, \ ysokaya. 
etc.) made of i\u\gnctie iron ore of excellent: ((ualitw No less rich 
deposits have becm ibund in tht‘ Krivoiozliye District, and on the 
Kerch iVninsula. The Krivorozhye oivs, vvhieli food the rkrainiari met¬ 
allurgical industry, CH)nsist of lunnatite and the Kerc^h ores, of limonite. 
Large de])osits of iron ore luiAe been dis(x>vered near Kursk in the 
rc'gioii of the so-called f\ni\s/^ dJoynefie Anomaly. Immcmse reservc\s 
of iron ore ha\e been dctcatc'd also in the de])ths of Kola IVninsula, 
in WestcT’n and Eastern .Sibei*ia and in the Far East. Thc‘ total reserx es 
of iron ore in the D.S.S.B. constitute more tlian half the world's 
rescr^'<'s of iron. 

Of all the mc‘tals extractc'd by man, iron is the most imj)ortant in 
our life. All modcun enginc(n*ing is connectcMl with the usc^ of iron and 
its alloys. To illustrate the importance of iron it will siiflic*e to mention 
tliat the amount of iron ])roduced exceeds the total output of all the 
otliei' medals taken togedheu- about twentyfold. 

Tlie (extraction of iron grew especially rapidly during the past 
(•entuiy. As late as the beginning of the XIX century the world 
]n’C)ciuction of pig iron was only t).H million toiis pen’ year, but by the 
end of the XIX century it had already Tcached Ob million tons ])er 
year. In 1020 the world production of stead attained 115.7 million 
tons, after which it fell sharjtly during the enisis years (to a low of 
44.S million terns in 1052), and them increased again. IK’ 1030 it had 
reached I 17.2 million tons, and in 1054 amounted to 171 million tons 
(not counting the U.S.S.K.). 

250. SnM'lting of Fig Iron. The method used for the production of 
iron from its ore's is fundamentally very sim])le and consists (essentially 
in the reduction of iron oxide with coke. However, as molten iion dis¬ 
solves carbon, this ojK'ration does not result in pure iron, but in an 
alloy knowji as pig iron, (Containing u|) to 5 j)er eont carbon, as well as 
certain otliem iriipuritics. 

Pig iron is snadted in large blast furnae?(^s, built of refractory brick, 
up to 80 feet high and about 20 feet in inside diameter. 

Fig. 154 shows diagrammatie*ally a vertical se^etJon of a blast furnace. 
Its upper half is called the .shaft, at tlu> to|) of wliich is the throat, 
sealed by means of the hell lork'er, (.-ojisisting of two cone-shaped valve's. 
Just below' the widest |)art of the blast furnace is the bo.sh. and below' 



sMKi/nN(j OF 




tliai, the ff&irfh. Hot air is bl(»wu into the [iirnaoe thi’ough tuyh‘('H, 
sjKHtial lioles at the bottom. 

Hie blast furnace is (iliarged first with <;oke and tlien albanately 
with a mixture of ore, cok(‘ and flux and with jiurc eoke. Combustion 
and tlie temperature needed to siru^Jt the ])ig iron are sustained by 
blowing r>r(‘lieated air into the hearth. The latter enters a main (‘li- 


eireling the furnace just below its 
througli bent ])ij)e.s and the tuyeres 
the (M)ke is eonva^rted into carbon 
dioxide, wliich is reduced to carbon 
monoxide as it rises through the 
layt^r of red-hot (toke nhovv. it. Tlu^ 
carbon monoxide, in its turn, reduces 
most of th(‘ oi*e and ])a.sses ba(^k into 
carbon ilioxide. 

The ore is reduced mainly in the 
u])p{‘j‘ ])a]*t of the sliaft, tlie sum¬ 
mary ecjuation of tliis reaction being 
as follows: 

Fe,>():t T 8(^0 2 Fe 

'fhe individual steps of this process 
aie shown as ecpiations on. Fig. loo. 

Tlie gangue contain(*d in the ore 
reacts with the IIux to form slag. 

The reduced iron settles, still solid, 
into the top of the bosh, which is 
tin’! widi\st and hottest jiart of the 
blast furnace, and here, at a tempera¬ 
ture of 1.200''(\ is melted in eouiaet 


widest ])art- and thene(‘ jiassi^s 
into tlie hearth. In the lu'arth 
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furnace 


Avith the eoke. jiartially dissuhing 

it and turning into j)ig iron.* Hie molten ])ig iron trickles down to 
the bottom of the h(»arth, the liquid slag aeenmnbating on its snrfac(> 
and ])roteeting it from oxidation. Hie pig iron and slag arc discharged 
jieriodieally as they accnmnlate, through special tap-holes Avhich at 
other times are jiluggcfi up witli clay. 

Hie carbon dioxicle formed during the reduetion of the ore rises to 
tbe to]) of the shaft, where it is ])artlY reconverted into carbon monox¬ 
ide. For this reason tlie gases dis(;harged from the t hroat of tlie blast 
furnace contain up to 25 per cent eai’bon monoxide. Hiey are burnt 
in special Corrper Movefi for preheating the blast of air blown into the 
furnace. 


* Tin* addition of carbon to iron greatly lowers its melting point. Tun? iron 
melts at .l,53ir C, wdiilo a euti'ctic alloy of iron aial oarhon, containing 4.3 per 
cent carbon, melts at 1,150 (f 
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If 0 ^ 04 +CO ~ 

' aFeo^cOj 


- 600^ 


FeO-^CO^Fe^ca 

CaC 03 =Ca 0 +C 02 

cao+si 02 =caSi 03 


Coke and 
solid iron 




(>o\vpor stoves are tall, cylindrical towers built of brick and having 
vertical cliannels inside (Fig. 15(i). The blast furnace gase.s enter the 
sto\'e and burn in it, heating the walls of the cliannels to redness. At 
the same time the air being blown into the blast furnace passes througli 
the otlier stove which has already been heated in a similar manner. 
After some time the air blast is switched to the first stov(i, and tlie 
second stove is heated with th(' blast furnace gases, etc. 

Hlast furnaces operate continuously. 
As the u|)pe]‘ layers of ore and coke 
Limestone downwards, frcsli ])ortions of 

oredlux-coke mixture an^ added. This 
I gas es mixture, known as the chanjc. is hauled 

3FeO^CO=|—■" , ^ steep track in skip cars to the 

2 Fe 304 -»C 02 -platform at the top of the furnace, 

^ Soo (lumped into an iron hopper 

-(‘losed at the bottom by the bell 

^ ^ ^ ^_ 7 ^^- locker. When the bell is d(‘pi’essed 

FeO-*CO=Fe-"C^ ^ ehai‘ge drojis into the furnact'. 

CaC 03 =Ca 0 +c 62 ~ furnace oj)erates day and night 

caO*Si 02 =caSiO, , it requires a 

F —tOOO general overliaul. 

Coke and 1 Blast furnace ])eribrmance is a])- 

solid iron \ praised by the “useful~l)last“fMrua(!e' 

I volume-to-daily-pnxluctioit’ratio oh- 

pia %on“slaqr-'^^°’ h' divifiiHg funiaec volume 

^ in cubic metres i)y the daily output 

\c+C 02 = 2 C 0 / furnace iji tons. For instance, 

qI^ _ 30 + 02 = 002 / „ if the volume of the furnace is 

- — I __J -uOO cu. m., and the output 500 tons 

I Slag * - , per 24 hours, the “useful-blast furnace- 

_ l~?/j' 77 wr 1 v(>himedo-daily--producti(ni’’ ratio will 

^ - be 000/500 i.S. I'hus, the smaller 

Fig. lofi. Blast ftiniacc pnnrss this ratio, thc higher the out])ut of 

the furnace. 

Ihdore th(^ llevolution the useful-volume-to-daily-p^'t>duction ratio 
of blast furnaces in the south of Russia was about 2 ..‘ 10 . Sovic^t met¬ 
allurgy has greatly incaeased the efticaency of the blast furnace proc¬ 
ess by extensi\e develo])ment oi* ])rogressive working methods and 
has brought the useful voluine-to-daily“])roduction ratio down to an 
average of O.SO. 

The use of oxygcm offers great o])i)ortunities for accelerating the 
pro(;ess of j)ig ii*on smelting in blast fm-naces. If air enriched with oxy¬ 
gen is bhn\'n into tlu; blast furnace, it need not be j)reheated, eliminat¬ 
ing the necessity of using complex and clumsy (Vjwper stoves, and 
greatly sim])lif 5 ing the entire metallurgical process. At the same 
time, the producti\’ity of the blast furnace increascKS sharjdy and the 




I Coke, Liquid 
[pig iron, slag 

\c+C02=2CX) I 

0 + 02 = 002 / 


Fig. 155. Blast ftiniacc pnn-rss 




250. SMKLTINU OF PIG IKON 


fuel consumption decreases. A V>last furnace operating on o\yge\^ 
blast yields one and a half times more metal and consumes 25 per cent 
Jess coke than witli an ordinary air blast. 

The |)ig iroii produced by blast furnaces averages al)out J);i per cent 
iron, u\) to 5 ])er cent carbon and contains minor quantit i(^s of silicon, 
manganese, phos]>horus and sul])hur. 

Wiien the pig iron solidifies, the (jarbon in it may (rrvstallize out as 
graphite, or combine with the iron to form iron carbide FcjiC*. known 
also as cerruntiio. LTnliko graphite, the softest component of ])ig iron, 
cenientite is its liardest comj)onent.. UjX)!! prolonged liciiting up to 



l/liii. Operat ion of blast fiirnac<* to^^ctlior witli Cowper stocos 
1 bliist 2 -(’iiwjxT stovi; hoiiif' hoatotl; ,Z -C'nwjx.T .^iove Mir; 

4 l»ltnvi‘i; J cliiruMry stack; 6’—}^tis <.-hannoI; 7 smoke air ]Mj>e 


1)00''C or more', cernentite decomposes into iron and graphite, this 
taking place (kspecially readily in the presence of silicon. That is why 
})ig iron eoiitaining considerable quantities of silicon (from 2 to 3.5 
per cent) is grey in colour, due to the liberated gra[)hite. 8ueh pig iron 
is known as grey ])ig iron: it is not very hard, can be cast readily into 
various sliapes, but is brittle and fractures easily wdien struck. Grey 
pig iron is used for casting machine frames, flywdieels, drainage pi])es, 
plates, etc. 

I^ig iron containing almost all its carbon in the form of cementite 
is liarder and whiter than grey })ig iron and foi* this reason is known 
as white cast iron; it is distinguished by an insignificant silicon content 
(under 1 per cent) and a high manganese content (1 to 1.5 per cent). 
White east ii’on is not used as such but is rcd-rcated to make steel and 
iron, which differ from pig iron in their lower carbon content and ab¬ 
sence of other impurities (silicon, phosphorus, manganese). A product 
containing from 0.3 to 2 per cent carbon is called hard steel, and if 
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it contains less tluin j)er cent (carbon it is known as mild ,Mvel 
or iron. 

251. rrodiirlioti of Iron and S»eel froni Iron. Two ])rinci|)al 
mctiiods arc nsinl at present for the prodnetion of steel and iron from 
|)i<l iron. 'Fliev are l)otli based on the oxidation of the impurities in the 
pig iron. 

BiHsvnu r pwvcw consists in blowing a strr)ng blast of air 
through tlu‘ moltiui pig iron. 

Tlu' Uessemer ])roeoss is ac'complished in large 
]U'ar'Sha])ed iron vessels called roun rirns (Kig. 157), 
lined on the inside Avith sili(‘a ])i‘ick and liolding 
up to 40 or 50 tons of pig iron at a. tini(‘. The con- 
v(‘rt(‘r is mounted on hori/ontal trunnions, around 
which it can be tilUsI by means of gt'ars. Tlic 
bottom of the converter has a large numlx'r of 
small opemings and ati air chamber fastcn(‘(l to 
it for the blast. Th(‘ coin(‘rt(‘r is iilk^d with molten 
pig iron ami air is blown into the air chamber. 
Passing through the op(‘nings in th(" bottom of' t lu^ 
convertin', the air |)e.netiales through the entirc‘ 
mass of the jug iron and oxirlizes its impuiiti('s. 
The lirst to burn out. ])assing into the slag. ar(* 
silicon and manganese. whi('h are hdlowed l)v 
carbon. The entire pK^ssenun' process lasts aiiout 
lo to '2i) minutes, after Inch the (‘onxan'tin- may b(‘ 
(‘in])licd by tilting. 

The Ik'ssiuner process ]M’oduces iron contain 
ing l(\ss than 0.5 j)er c(*nt (*arbon. If it is d(‘siri‘d 
to obtain steed, th(^ aii' blast is eitlun* shut ofl‘ 
b(‘fore all the carbon has burnt out, or a d(‘tinit(‘ amount of pig 
iron lich in (nnbon is added to the iron produced in the converter, 
aft(‘r which air is again blown through for a short pei'iod to mix the 
ingr(*di(‘nts. 

If the pig iron contains phosplu»rus. the latter (‘annot Ix^ eliminated 
with the usual converter lining. At the saine time. phos])horus must 
be removed, as its i)resenc(' mak(‘s the iron short (or britt](*). In such 
cases on the suggestion of the F^nglish inventor Thomas, the lining 
of the conxerter is made of a mixtui'c of magnesium and calcium 
oxid(^s o})tained by Toasting the mineral dolomit(' AlgP().j-Pal’O.j. 
and H) to 15 jxu' cent lime is added b(\sides to the |)ig ii*on. The IV^Or, 
i‘(‘sulting fi'oin the (*om bust ion of the phosphorus com})in('s with the 
lime, giving slags which can lx? used as fertilizers and are known as 
ThonuLs da(/H. 

The H(\ss(mier fU'Txoss has a numlx'r of sho]-teomings. Owing to the 
intensive oxidation that takes |)Iace wheij air is ItIowu through tlie 
mass (.)f molten pig iron, a considera})lo amount of metal is burnt out. 
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251. PRODIKTJON OP JKON AND NTKKJ. FROM PI(J IRON OliT 

and tlie yield of sieol averages about !)b |)(r* cent of tlie w(‘iglil of the 
pig iron. The iirodnction of low-carixjn steels leads to even higlHR’ 
losses of iron. Jk'sid(\s, due to the strong blast of aii* sonic' of the slag 
gets entajigled in tlie iron and remains in it wIkmi it is cooled, spoiling 
its (pialitv. 

A more perfect medbofl is the opm-lufuili prorc.ss. by which tlie pig 
iron is treated in regenerative furnaces (p. 428). In these furnacres the 
pig iron is melted together Avith scrap iron and a small (piantitv of 
ore. 1'he admixtures are burnt out partly at the (*\pense of the oxygen 
ol‘ the ail* entering the furnace together witb the combustible gases 
and partly at the expimse of tlie oxygen in tlu^ ore added. 

lleg(m(Tative furnaiH^s may have either an acid silica lining or a 
basic lime lining. By adding scrap iron and ore to the ]>ig iron in def¬ 
inite proport ions tlie steel can fie produced with any d(‘sired content 
of (*arl)on and is higher in (piality than Bessemer steel. 

The firoduetivity of open-hearth furnaces is eharacterized liy the 
amount of steel produced per 24-hour day ])er sq. m. of h(‘arth area. 
It was formerly (-onsidered that four tons per s(]. m. per day was the 
up])er limit of furnace output. However, the experiem^e of fo?‘emost 
woi’kers and engin(‘(M*s at Sovud plants has shown that much higher 
outputs can be olitaiiHMl from open-beartb furnaces. At ]iresent the 
daily output of steel pia* s<|. m. of hearth area constitutes b.oo tons. 

Lately (Uciric fttnHtrt-s liavi* found wide use for steel production. 
44ie sonr(*t^ of heat in these furnaces is electric ])ower, Avliich greatly 
sim|)iilies the proecvss and ci'cat(‘.s favourable conditions for controlling 
tlie melting eorulitions. 'I'he most Avides[)read furnaces are the electric 
arc tyiie whicli easily give a tempevalurc of 2.0 (mLC and higher. 
I'he very pioc-c^ss of st(‘el smelting in electric fuinaces hardly differs 
from the open-hearth process, but owing to the ])ossibility of regulating 
the furnace temperature and therefore the course of the process, 
th(^ (jualitv of the steel produced is higher. This method is vjs(‘d for 
the production of tool steel and various special types of steel. 

Es|)eeially inijiortant biands of steel foi* r(\sponsible parts and tools 
ar(' made by the so-called rmcihlr A mixtui'e of Aarioiis 

tvjies of steel and sjiecial admixtures is placed in crucibles, wliieh 
art‘ covei*e<l and |)lac(‘d on the lieaj*th of a i*ev(u*l)eratorv furnace 
of the open-hearth type where the mixture is melted and yields steel 
of a delinite grade. 

Scientific and (uigine(u*ing thought is now occufiied also with tlie 
probhun of obtaining iron by direct reduct ion from its ores at moderate 
tempt'ratures. To jirodnce iron aecordiug to this inetliod, the ground 
iron ore is reduccHl with cok(* or gas at SOO to l.00(f’C; tlnui pait 
of tlu^ gangiie and t he ash of t he reducing agent is eliminated by means 
of a magnetic separator and the resulting s])OMgy iron is re treated 
in open-hearth or (dectric furnaces to produce steel. Any solid or 
gaseous fuel may be used as the reductant. Steel o])taine(l from 
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reduced iron has wechnuictil projfcriics. Homcmu, pieseui-dn\ 

plants for the direct production of iron from its ores are still rather 
clumsy and far from perfection, which limits the use of the methocl. 

252 . Heat Treatfaeiit of Steel. The mechanical |>roperti(‘s of steel 
(le})en<l largely on its structure. Tr) impart the desired stru(*ture 
to steel, it is subjected to heat treatment, i.e., to heating and cooling 
under detinite conditions. Tlie most important tyf)es of lu'at treatment 
are hardening and tcm])ering. 

Hardening of sled consists in heating it to a liigli temperature 
and then cooling it siiddtMily. This process makes the steel very 
hard, hut a(. the same time brittle. If hardened steel is reheated to 
a detinite tem])eratin’e (lower than b(dore) and tlien cooled slowly, 
it is said to be ‘‘txmifiered." i.e., it becomes softer and los(‘s its brittleness. 
The steel may thus be given the desired degree of hardness, de])cnd- 
ing on the temperature to whi(*li it is reheated. 

Th(^ plienomenon of hardening is explained as follows: when molten 
steel solidifies tlu^ carl)on contained in it as cementitc ma,y form 
a solid solution w ith the iron, referi'ed to as auMniile and distinguished 
by very great hardness, Aust-enite is (piite stable only at high tem})er> 
atures, but it can be !•etained more or less eom])letely at low temper¬ 
atures as well. l)y cooling the heated steel suddenly. If the steel is 
cooIcmI slowly, the austenite gradually d(‘ComjK)ses into cennentite and 
iron, and the steel becomes soft. 

Very often cpiite differeid reipiirements are set for the s\H*face 
layers of steel objects (shafts, gears. et(‘.) and for their bulk. For 
instance, an automobile axle mu.st hav(‘ a hard surfac(‘. higlily resistard; 
to wear, but at the same time must not be brittle, i.e,, should be 
resilient enough to withstand shocks. To give tlie part the recjuired 
pi*o])erties, it is made of soft, tough, low-caibon steel, the surface 
of which is subsequently salinated with carbon. Tins is done by heating 
tlu‘. finished jiart in an atmosphere of carbon monoxide or in boxes 
tilled with eharcoal. 

The process of saturating steel snrfa(*es Avitli carbon is called '‘case- 
hardening.” (’ase hardening results in a very hai'd and strong surface 
layer. H.o to 2 mm. thick, l(Niving the hulk of the steel tough and 
resilient. 

Analogous results can he acliieved by nifriflhig .steel, i.e., saturatiiig 
its surface with nitrogeji. For this ])urpose the steel is heated for a 
long time in an atmos|>lu‘re of ammonia at 500 to 000 (\ Nitrided 
stc'el is still harfler than casi^-hardened steel owing to the formation 
of iron nitrides in its surface layer. It can withstand hc^ating to rdXf't J 
without losing its hardness. 

The father of the branch of science concerned with the changes 
in structure of steels was the Russian nietalhirgist Dmitry Kon¬ 
stantinovich (’heriiov (ISIIO-1021). Investigating the proy)orties of 
steel after heating to various temyieratures, ('hernov first established 
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tluit at (leHiiite teni})eraiiirFs sto(^l undorgoc's certain clianges allcring 
its sti*n(*.tiir(‘ ai)d |)n)j)erties. 'These ^'(;ritjcal teTn])eratur(*s ^ charactev- 
ized l>y internal changes in the steel are now kno\A]) all over the world 
as the '‘Chernov ])oints.’' One of thes(‘ points, called by (-liernov 
point (t. is nota-ble for the fact that steid heated below this ])oint 
(about 70U' (!) cannot lx* hanlened no inalter liow rapidly it is cooled. 
Another point, /). is characterized by the fact Unit as soon as the 
tein])eratnre of th(‘ stetd reach(\s it (son to .SoOC), the ste(*l lUjiidly 
passes fiorn the coarse crystalline into the linc^ (*r\'stalline state, 
in which it possess(‘s tla^ b(*st mechanical ])rope]1ies. li tht* te]n])eratnj*e 
is rais<xl still further, the metal crystals begin to in(‘reas(‘ again 
in size, and th(‘ higher the t.(‘m|»ej*ature, the more rapidly tl)ey grow. 

Idle dis(?overy of the (*ritical ])oints of steel was of \'(*ry gix'at im- 
])ortanee for metallurgical theory and ])ractice. Expiaining the 
yihenomena of tempering and hard(‘ning of steel and the structural 
chauges taking jiiace in steel when heated, it enabled accairati* dider- 
mination of the hardening tem[)eratures and selection of favourable 
conditions of forging an<l other types of steed treatiramt. promoting 
i)n])rovement of its mechanical ])ro])erlies. 

253, Develaptneiii oi‘ Iron and Steel .Metallurgy in the I .S.S.U. 
The ])roduction of ftM*rous metals (pig iron, steel, iron) occupies one 
of the lirst jilaces in tlie national economy of tli(‘ U.S.S.ll. Tlie ])rogress 
of almost all braiudies of the national (economy de]>ends largely on 
the amount of metal produ(‘ed in the country. 

Tsarist Russia was far beliind the foremost industrial countries 
in iron and steel out])ut. The Russian metallurgical industry ]>roduced 
only 4,2 million tons of pig iron and an e(]ual amount of steel in 1913. 
World War 1 and the civil war were a heavy blow to all the brancdies 
of the national economy, esf)ecialJy metallurgy. In 1929 the out¬ 
put of pig iron had fallen to an unprecedented low- level and amoniited 
to only 2.7 per (!ent of the 1913 figure. Tlie reconstruction of iron 
and steel metallurgy accomplished under exce])ti()nally difficult con¬ 
ditions re(|uired immense effort and a long time: the steel output 
regained its 1913 levad only in 1929. 

S<)\'iet metallurgy liega-n to yirogress rajiidly during tlie years of 
tlie j)re-w'ar fivt' ye/ir plan periods. Not only was tlie soutlieni 
melalhirgy completely reconstiucted. but a lunv coal and metallurgy 
base was created as well in the eastern regions of the country. Hug(‘ 
nietallurgical (Miter]irises were built, siu'h as tiie Magnitogorsk, 
Kuzncitsk mills and otliers. By the end of the First Five-Year Plan 
the ])ig iron outjnit had already leaclKMl 147 ])er e(mt of the 1913 level. 

l-iid(M* conditions of plamuMl socialist. (>coiiomy Soviet metallurgy 
soon outstrifiped the capitalist countries in rate of devc^lopment. 
Having recov(>red the pre revolutionary level of [lig iron output by 
1929, Soviet nudalinrgy incnnised its pig iron jirodiKdion almost 
three and a half fold in the course of the next eight years. It took 
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tlw C.S.A. twenty yt^ira. mui Ikrinniiy twoiity-llnvr yours, to ofl'oci 

till ciinnl inoroaso in nictalluvyionl 

f /1 Idus of* pig iron an<l 4-’» nullion tons of steel 

were produmf in the* L\S.S.ll. In the fast year of the Sixlh 

Fi\e-^’ear Flan, the |)ig iron output will i-eaeh o.S jnillion tons and that 
of steel (>s.:i million tons per year. (Jreat attention during the current 
tive-year ])]an is being given io increasing the output and im]n*oving 
the quality of special sUvls. 

2a L rro|MM*ties ot Iron. Iron l'oin|)Oiiinls. Ihire iron can be ]>repared 
l)y reducing ii'on oxid(* with hydroge]i or by electiolysis ot ccTtain 
iron salts, ft is a silvery w hitev lusti‘ous. tough intgal, gif'at ly r(‘S(Mnl>ling 
platinum in a]>peai‘ance. 1’he specific gravity ol iron is 7.S7 and its 
melting point 1.5:1!^ (’. Pure iron is magnetized and (hunagiudiz(‘d 
very easily and is therefore used to make tia^ eoies of dynamos and 
electric motors. 

Ordinary iron does not change in dry air but rusts rapidly in damp, 
hecomit^g covered with a l>rown dtqxisit of ferric hydroxide which, 
being loose, does not ])rotect the iron from furtlu'r oxidation. It was 
long thought that tlie property of rusting w’as an nnd(‘sirahle. ))ut 
inseparable* j)ropcrty of iron. I»ut lately it has l>(H‘n pr()ved that 
cliemically ]mr<‘ iron produced by ek*etrolysis is hardly attacked 
by corrosion and is ([uit(' acid-r(*sistant. 'fhe reasons for thi‘ ('orr<»sion 
of ordinary iron were discussed in 2(H). 

If calcined in air iron burns, turning into ferrosederric oxides 
Fe.jOj (or Fed.) FeJ);j). The* same sul)stance forms when r(‘d-hot iron 
is forged (*‘irou scale"). 

'The* lUHanal })otential of iron equals -0.441 \’olt. Tlierefoies iron 
dissolves I'cadily in dilute ae*ids. displacing liyelrogen fnun them 
and forming Fe*--ie)n. (‘old conercMitratexl sul])lniric aeael does rug 
attack ii‘07). The action of concent i‘ate*el nitric acid e>n ii'on is the same 
as on aluminium and chromium, i.ev. it r(‘nde‘i-s it 'qrassive." Alkalis 
do not act on ii*on. 

Iron forms two sei’ies of compounds corr'(‘sf>onding to its tw^e» oxidexs: 
jtrrovs oxldf Fed) and /rrr/V* oxUh: Fe.d)^. l»r tire first, ir*on is Irivalent, 
in the* se‘e*ond, tiivalent. l>esid(*s these, salts of/err/’r ur/V/. H.^FeO^. 
arc known, in whiedr ir*on Irehaves like a he*xavale‘r»f non-metal. 

('om[Krunds (jf fyimlcnt inm. Salts of bival(*nt ii*on (ferrous salts) 
are* obtaineel by di.ssolving ir-on in dilute aedds. 4410 most important 
of them is /rryvnes- snlphah (II) or f/ma viiriai FeS()4-7 If.^O, which 
forms light gre*e*n crystals, loadily soluble in water. In the* air fen'ous 
suljrhate* gradually efflore*sce‘s and at the same time erxidizes at its 
surfaeo. ])assing into a ye*llowish-brow'n basic salt of trivalent iron. 

(been vitiioj is jrrepare’d by dis.solving iron trimmings in 20 to 
40 ])er cent sulphuric acid: 


Fe ; HoSt), - -- FeSO., i H, 
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iiud is obtained also as a waste ])rodiiet wIumi iroji is “etched’' with 
sidpimric acid ])ri()r to zinc plating. 

Ferrous sulphate is used in agriculture as a pesticide and i?i tlu* 
production of c(‘rtain luineral paints, for dyeing fabri(ts, etc. 

When ferrotis sulphate is heated, water is tirst given off, leaving a 
white mass of the anhydrous salt FeSO.,. If heated more strongly, the 
salt decomposes, liberating sulphur <ii(K\ide and sul})hur trioxide, 
which in moist air forms dense white fumes of sulphuric acid: 

:> FeSO., Fe.O.^ i SO. i SO., 

Addit ion of an alkali to ferrous sulphate solution resuits in a white 
pn*ci[)itat(* of ferrous hydroxide Fe(OH). which oxidizes rapidly 
ill the air, turning first green and then brown as it ])asses into ferri<‘ 
hydroxid(‘ Fe(OH).,: 

4 F<‘(OH). - 2 H,0 i ().- 4 Fe(OH).j 

Ferrous hydroxide is alm(»st (^\elnsive!y basic in natur(‘ and does 
n<»t dissolve in alkalis. 

Anhydrous jirroiifi o.ridf FeO can he prepared by r(‘ducing I'errii* 
oxide with carbon monoxide at otMf ( \ and is a black, easily oxidized 
powd(‘r: 

Fe.Oj, : 002 FeO ; Vi), 

Alkali carfH)nat(‘s will ])reci])itate white Irrrou^^ carhouftle (\l) FeOO.j 
iVom solutions of bivalent iron salts. Onder the action of water, con 
t aining carbon dioxide, ferrous carbonate, like calcium cai lxuiate. passers 
]»art!y into the more solnhle acid salt Fe(HOOj,) 2 . Iron is contained 
in the form of this salt in ferruginous mineral waters. 

Salts of bivalent iron can easily he converted into ti'ivalent iron 
salts by the action of various oxidants: nitric acid, pota.ssinm p(‘r 
manganate. chlorine, etc.: for example: 

1) h FeSO., i 2 UNO., I H.S()^ :5 Fe.fSO^)., ^ 2 NO 4 H.O 

2) 10 FeSO., i 2 K,Mn(), f S H2SO4 

5 Fe^lSO^)., f K.SO, i 2 MuSO, i s H.O 

Owing t.o their ready oxidizability ])ivalent iron salts are often 
us(mI as reducing agents. 

Vompounds of trivalent iron. Of the salts of trivalent iron (ferric 
salts) the most commonly used is ferric chloride FeOh,. The anhydrous 
salt is obtained as dark green scales when chlorine is passed over 
heated iron. Ordinary ferric chloride is a dark yellow crystalliiu^ 
deli(jiieseent substance having the composition Fed., • r> 11.0. 
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/VvvvV- A 7 //yyW^ (111) Fr,(S(),)., is pvefmrcd by oxidiziiifr Fo8()^ 
AMth iiitnV arid in sulphuric ackJ .solution. With aminonium .sulphate* 
it fornis ferriv atnnionvHm (tlvm XH.jFe(S ()^)2 • 12 \A'hi<*h 

crystallizes as beautiful light violet erv.stals, isomorphous with th(* 
crystals of aluininiuin and chrome alums. 

ruder the* action of ammonia or alkalis, solutions of tri\’alent 
iron salts eAa>Iv(‘ a r(‘ddislr brown ])recipitate of frrrlr hjfdraxidi 
Fc(()H);v insoluble in an (*xc(‘ss of alkali. 

Ferric hydroxide is a weak<M* base than ferrous hydroxide; this 
is nuuiih'steei by the fact that the salts of ferric hydroxide' are gr(*atly 
hydrolyzed, and that Fe{()H).j does not form salts at all with wt*ak 
acids (ha- instance, with carbonic or hydrosulphuric). Hydrolysis 
also accounts lor the colour e>f solutions of‘ trivak'nt iron salts. In 
spite* of the laet that Fe' ‘ ir>n is almost coloinle'ss. its solutions 
have* a y(*llow-bro\\ ii ('ohnn- <»wing to the prcs(*n(*(* o( basic salts or 
Fi*(OH).i. Idrnu'd as a re‘snlt of hydn»lysis: 

Fe- • ■ : H.,() r F(*(()II)- • II ' 

Fe- - 2 \\ J) F<*(()ll), 2 11 

Fc - * • :i II/I r F(*(()H).J H * 

'flic colour of the solntimis dai“ke‘ns wIh'ii th(-*y are ll(^at(*<l. and 
th(‘y be'e-ome* lighter il acids are adde*d. owing to the* re*\a*i‘s(' direction 
ol the re'action. 

If calcined, ferric hydi'oxide los<*s wat(*!‘ and passes into Icrrlr oxith 
Fe*.^!)^. Ferrie* lexieic oceins in nature as r<*d iron ore and is used as 
a brown paint known as Indian ve*d (»r c<dcotha!'. 

.\longside its purc'ly basic frropertie's. feri'ic oxide* and hydroxide 
rnarrifr'st also certain, albeit feelile. ae*id pr'op(*rtie's. For* instance*, 
if ferric oxide* is fuseal Avith soela or ])otash, the josult is orre of the 
salts known as IVrrile*s, analogous to ehfomite.*s or* aliiminate's. tln'si* 
salts b(*ing d(*r'i\'ati\(*s of rtretaferr*e»ns acid HFeO^; 

Fe* ).{ ' Xa .yi2 X a h\*()., i ('() 

Hot nater eH)mplede}y hydr*e>lyz(*s feri*it<*s into f(*rr‘ic oxide* and the* 
eoire'sponding alkalis: 

2 XaFeO, ! H.O 2 XaOH i Fe.O, 

One of the teedinica! metliods of j)reparing sodium hydroxide 
from soda is based on the f(>rmatie>n of sexliurn ferrite* and its subst*- 
ejue'iit decompositif)n by wat(*r. 

A chaixaedoristie; reae^tion di.stinguishing ferric salts from fei-ious 
is the* action of ]>otassirrm thioe'yanate KOXS or ammonium thio 
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cyanate NH^CNS on iron salts. Potassiiim thiooyanatc (‘ontains 
(u>loHrless (A'S'-iou iji solution, whidi ccnubines with Fe'‘'-ion to 
iVaan ferric thiocyanatt^ Fe(FNS).j, a blofxl red. sliglilly ioniz(‘d coin 
pouiirl. F(M*]*ous-ion does not <<ive this reaction. 

(Ufiinidr rxmprHirn/s of iron. If ]K>tassiuni cyanide is add(‘d to the 
solution of a ferrous .salt, a Avlnle ])reci|)itat(‘ of burous cyanide 
l•<^snIts; 

F<‘- • ; 2 ( S' , Ke(('X), 

The ]>re(*i|>it€ale dissolves in an excess of |)ota.ssiinn cyanide owinjj; 
to the formation of th(‘ com|»iex salt K J F(‘((’N)^, |, known as potas 
sium fV‘]*rocyanid(‘ : 

Fe((‘X)., ; 4 K(‘X K,lFe(<’X),.| 

< >i‘ 

Fe(FX),, : 4(*X' |Fe(('X),r"' 

HH( jtrrorfff(ni(l( Kj|Fe(FX)„| .‘MlJ) crystallizes in the 
form of larj^e liglit yellow jirisins. 

'Diis salt is known also as ffvUtnr prnsKiith of potifsh. as it was pre- 
parial formerly by (calcining dricMl blood with ]»otash and iron. When 
di.s,'<o! v(m1 in water the salt ioniz<‘s into K* ion and the exceedingly 
stable compkvx ion i Fe((‘X)(;|"". 1'he solution contains practically 
no Fe‘* ion and does not r(*s)iond to a single chara(‘t(aistic test foi* 
hi\al(>nt iron. 

Potassium ferrocyanidc* corresponds to jrrrocyanic ocid Fi ,|Fe((VX 
:\ white solid fbrniing many otluu' salts l.>exsid(\s the [)ola>ssium salt. 

It is Jioteworthy that despite th(‘ fact that ])otassium ferroeyanidi* 
(‘ontains iron, it (*.an .serve as a sensitive test for Irirfdenl iron, as 
I Fe(PX\j]""-ion combines witli Fe* ’ ' -ion. when they encounter each 
other in, solution. tt> form the iron salt of ferrocyanic acid, ferric 
fei rocyanide Fe.j[ Fe((-Xj^j].^. which is in.soluble in water and has a 
chai-acteri.stic blue colour: this .salt is called ]^n(s.slan hi to-: 

4 Fe-" : :HFo(FN), 1-" ^ , FeJFe((^XV|, 

Ihussian l)lue is u.sed as a ])aint. Alkalis (h^eompose it into teiric 
hydro\i<le. liberating | Fe(( 'N)^,]""-ion : 

K.v,iFe(('N)«l, i VlOW ■ , 4 Fe(OH), ^ IM WN),,!"" 

Under the action of chlorine or bromine the anion in potassium 
f<MTocvanide solution is oxi<lized. passing from the tetravalent to 
the ti*ivalent state: 



-- 2lFe((/NVl'- 
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Tlw ixdasmnn salt eorrospinulinfr to tins aniozi, 
is culled jHiUissium fcrricvniiidc ov mi pnissiatc of jzotas/i. It ervs 
iallizrs as dark red anhydrous crystals. Its solution contains the 
anions |Fo(('\)fi|"' of* the same eoinpoKitioii as the ferTO(;yarii(l(‘ 
anions, fait having thm* instead of four negative eharges and th(*r(‘ 
fore ]K>sse.ssing other |)r<i])erlie.s than j Fe((^N)(jyions. 

If a solution <‘ontaining bivalent iron is treated with potassium 
f’errievanide, the result is a blue preeipitate knf>wn as Tarvbairs 
blue, very mueli like IVussian tihie in a|>p(‘aranee. but oV a (bft'erent 
(‘<uuposition : 

:t Ke- r :i|Fe(CN),r" : Fe,| Fe((^X)J, 

With salts oi* tri\'alent iron K,|F.>(('N)J giv(‘s a l)i‘own solution. 

'rh(‘ reaction of formation of ''rnrnbuirs l)lu(‘ is ms(mI exttuisively 
for jirinting eo|hes (d' drawings made on tra('ing paper (blue prints). 
'This ])roeess is based on the fa(*t that certain salts of trivakmt iron 
ainl organic acids are redmaMl under the action of light into salts 
of bivalent iron. Tlie ]>a|)er use<l for printing is usually coatx^d with 
a mixture of K.^] Ke(FN)jjl ferric ammonium citrate. If a drawing 
made on tracing |>apei’ is laid on siicli ])aper and intensely illuminat(*d. 
the trivaient iron is r<‘duced to bivalent everywhere exce]>t th(‘ 
places pvidected by ll^e lines of the drawing. After this the paper 
is washed with water. "runibuH s blue preei})itates in tbe pores of 
the paper in all the areas illmninatod. wliih^ tlie plac^es ]>rot(a‘t(al 
from th(.‘ light, remain whit(\ 11i(* result is a white drawing on a hlne 
hackgroiind. 

(’ofnpoN/tt/s (}j hf\rarnlrHf iron. If iron tilin<£s or f'l’ric o.xidr arr lietUfd wiifi 
potas.si«Jui Jiitralf aixl potassium fj\ilroxidr tZio rrsullint; fusion roniains tlx' 
jtotassiuni sail of h'rrir uria HmKi'Oj. ra)l«‘«l pofnsfiinni jrrrnfc 

Foy)., 4Ko!i aKXo., ‘iKjM-o, :t KNt). ; 2ny» 
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If tin* fusifiri is diss<»lved in water a red^violet .solution n'sults, from whicl) 
insoluble hariun) ierratf^ BaFeO^ eaii >»e prreipitafed by acldin^ BaXM.,. 

All r«*rrates are \erv powerful oxidants, <*von .stronpa* than ]>erman^anal<‘s. 
.\(‘itfier JV*rri<‘ acid H.jFe() 4 , eoiTesf)oiKiing l<i Ibe f(*rrates, noi- its anhydrido 
F(‘0^ fiavii be6‘n fditairHsl in tfie free slate. 

/n>a carbonyls. Iron forms quite .singular vtdalile eoinptiunds with carbon 
monoxide, ealU^ci iron cartjonyls. Jron penfararhonyl Fc((M))j^ i.s a ]>alc y(‘llow 
liquid with a specifit; fjravity of 1,5, a high index of ndVaeiion a.Ti<l a boiling 
p<»int of inU' C. it is pn'panMl by passing <*aii>on inoiaixido over finely divi<t(Mi 
iron under pr(‘ssure anti at an eievatt‘d teinporatun;. Iron ])i‘ntaeaii)onyl is 
insoJublo in water })ut tlissolvos in many organie solvents. At 250 (’ it deeom- 
poses into earfion monoxidr and abso|iitel\' pun* Iron. 
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25r». ('Ohah ((’ohahiim); al. \vl. 5S/.M. (\)l)alt is not v(mt ahiindanl 
ill naliirc; its coiitiMit in 1 Ik* earth's mist vvinownts tu vv\^t 

)>y wcij^ht. Cohalt usually occurs in compounds witli arsenic; tla* 
inosl important minerals ecmtainin^i this element are smaltiir CoAs^ 
and cohffltitf or rohnit (/Ifinrr CoAsS. In lltol the world pro 
dmdion of cohalt aniounted to about llhOOO tons (not counting tin* 

r.s.s.ii.). 

Cobalt is a hai'd, ductile lustrous metab lesembling ii'on, with 
a, specitic <^ravity of S.P. melting at (\ Lik(‘ iron, cobalt pos¬ 

sesses magnetic pi*operties. Water and air do not attaerk coladt. 
It dissolv(\s in dilute acids much less readily than iron and its normal 
pottmtial <‘(piaJs t^.L^S \()lt. 

('obalt forms two simple oxides: cohnlUmn (kit'uU CoO and ruhffflir 
(u'iflf ('o J),^, with I heireoi'iesponding Jiydioxides ('o(()ll).^and (’o(( )H 
both of which are basic in character. l>oth hydroxides give salts, but 
those of trivalent cobalt an* unstable and decompose readily, passing 
into bivalent cobalt salts. Besides the two above oxides, another 
mi\(‘d oxide of cobalt is known, having the formula Co.^O., (or 
(’o() '(' 02 O.J) and called rohalfo rohaJfir (Kvifh\ 

Bivalent cobalt salts are usually blue in tiu^ ay\hydruus state and 
reddish-pink in solution or as hy<lrated crystals. IW way of example' 
mention may be made of rohfdfott.s chloride, which forms bi‘ight pink 
crystals of the composition (’o(’h» • A piece of filter pa]K‘r 

impregnated with a solution of this salt and dried can serve as a 
rough hygroscope, as it chang(*s colour from blue to pink. de[)(‘nding 
on the humidity of the air. 

Coha/toKs hjfdroxidc (\)(()H )2 is prepared by the action of alkalis 
on solutions of bivalent cobalt salts, resulting in a |)reci})itale of 
the blue basic salt, which. Avhen the licjuid is boil(‘d. passes into 
the ])ink hydroxide (\)(()H).,. I’he latter, if calcined, is converted 
info greyisli-green eobaltous oxide CoO. 

In the air co))altous hyilroxide 0 xuli 7 .es slowly into dark brown 
CffhaKir Injdroxidi Co(OH);i. This proeess proceeds very rapidly under 
the action of strong oxiilants, such as NaClO: 

:i(h(OH )2 ! NaClO j H.O ; NaCl 

When treatial with acids eobaltie hydroxide do(‘s not give trivalent 
(rohalt salts, hnt liberates oxygen, leaving a l)ivaleiit cobalt salt ; 
for exam|)l(': 

4(\)(()ll), I 4 ILSO 4 tCoSOj ; IbILO i (), 

; ; 111 ’ ti 

4 j Co I c (V) 

I II 

2; 0 - 2c O 
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(nhnitic liy(lv(i\uh displnccs chlorine from liydnKiIiloi'iy acid, 
- - () HCl 2 (V)('l.j ('I 2 r 

III jz(Mieial (‘u(()H).^ and oxidants, like MnO.^ and 

ld)()^. wliieli also form unstable salts. 

A \erv eharacteristie feature of eobalt is its eapaeity for fonuiuu 
various eoiuplex eoinpounds. and it is noteworthy that in such eoin 
|K)unds it is almost always trivalent. 'riu>ugh eomj)Iex (compounds 
of bivalent eobalt can lie obtained, they ar(‘ very unstable; on the 
other hand, in tiu* east* of the simple eompomids the bivalent eol)alt 
(*omj)Ounds are tlu' iiiorc* stable ones. In e(>m])l(v\ salts eobalt may 
form j)art of the eation or of tin* anion, for instanee 1 (V»(NH.,),;| (’!.{ 
and K;,|( 'o( X( ).^)^;|. Tlie coordination mimlxM' of (*obalt is <). 

TIk^ pra(*tieal applicalimis of cobalt are rather limited. Cobalt 
is a (rompommt of certain alloys, its temlimcy binn^ to increasi* their 
hardness. An alloy of cobalt with chromium and tungsten, known 
as is employed for the manufa(*tnre of high'S|)eed (‘utting 

tools. I’lie Soviet su])erhard carbide alloy, |>, t)24). 

eontaius 10 ]>er cent co\)a\t. (‘obult convptmnds added to glass impart 
to it a dai’k bine (*o]onr (owing to th(‘ hirmation of eobalt silieate), 
tiroimd to a line |>owd(‘r. such glass is nsixl as a blue paint known 
as 'smalt ‘ or ' cobalt/' 

25<k Nickel (Niccoluiii); at. >vl. 5S.t;9. lain' cobalt. ni(‘kel occurs 
in natmx* as arsenides or snipbides: such, for instance, are the 
minerals trlf'rnlit( or <//wra/r nirhJ Ni.Vs, Ih rsdarfifr xXiAsS. and 
oth(a*s, 

Nielnvl is more ai)nndant than cobalt (0.o2 per cemt by wiaght 
of th(^ ('artl/s crust), 'fhe largest d(‘j)osits of nickel occur in (nnada, 
the second ])lac(‘ being occn])ied by the Soviet Cnion. whieh has 
high gi-ade nickel de]>osits in th(‘ I’rals, in Ka/aklistan. and on lh<‘ 
'Taimyr and Kola pc'mnsnlas. 

d’h(' I rai nickel de))osits were known long bclore the Kevolution. 
hut tsai'ist Jtiissia had no nickr'l industry and importexi all its niekel 
li'om ahriwnl. This hrajich (»f industry was built up only in Soviet 
times. 'The first uick(*l plant was starlx'd in the Cials in IPIM. 

The woild ])roductinn of niekel (not eoimtiiig tin* C.S.S.IC) was 
afiout I tit).(KM) t(»ns in Oo;}. 

Metailie nickf‘1 is yellowish-white, very hard, takes a good polish 
and is attract(‘d by a magnet. Its specific gi’avity is s.n mid its nu'lt 
iug |)uint 1.45?! ('. Nickel does not oxifiize in the aii* and is dissolvc'd 
readily only In nitrii? aeifl. The normal potential of nickel is- 0.2:5 
volt. 

Niekt'l has a niimln'r of important practical aj)pli(;ations. Nieki^l 
is eonsumed in minor (piantities for jiJating other nudals (nickel- 
plating). Most of the niekel, liowever. goes for the manufacture 



oi \ ariou.s alloys vn ith iron, copixa*. zinc and otlua* mctahs. The addition 
of nickel U> steed incre^ascs its toughness and nuadianical strejigth. 
inakevs it ]'(df*a(dorv and !*esistant to corrosion. Alloy steels containing 
nickel and other nuaals. foi* instance, (dirome nickel steel, with 1 to 
4 per cent inckel void u.r> to 2 ]»er ee!\t chromivun. are used exten 
sively for the* Jiianid'acturi^ of cannon, arinoin- of ah kinds. ar]nt)ur 
piercing shells, hullef jae-kets. (dc. 

Allovs of nickel and c<i])per high in nickel, practically do not 
corrode* and are widely use'd in the ciie'inical indnstry, i)i shi])l>ni]<ling. 
and aii‘e*raft e*ngine‘eaing. Alloys (‘ontaining le‘ss nickel are useel for 
coinage* (nie:kel hronze*). 

Of tlie othe*]' nickel alloys of great practieNil irnj)orta,nc(‘. the* follow 
ing aie* noteworthy: 1) ifirar, a ste*el eontaining .‘{o te) ,47 per cent 
nickel and having a wry low c(>e*ffie‘ient of (‘xpansion: it is nsexl to 
make roils foi* watch pe'iiduhnns, scale‘s for various measm’ing in 
st faijn(*iits: 2) pl(/tlnif(\ a ste*cl (tontaiiiing 0. !“> j)er cent cai hon and 
44 pt'r eeMit nieke*l: it has the same coeflicient of ex|)ansi(.)n as glass 
and can there'fore he fiist'd into the* latle*r; is nsexl in the manufacture* 
of e*l<*(*tr‘ic light )>nl))s; 4) nU'jrronn. an alloy of ni(*kel and chrotnienn 
charact(*i'iz(>d f)y higli ele*clrie^al re'sistane*!*; is useMl in the* manufacture* 
(4 rlu'ostats and various he‘a(ing a|)j»aratuse‘s: 4) ttirhlini. an alloy 
»>f c.e>]>pcr. nickel and zine. also ha.vi)>g a e*t>nsielerahle ele‘ctrie*al r(‘sist 
anea* ami evhangiug very little* under elevated temperature's. 

Finely divide'd nicke*! is a vei‘y impe»rtant catalyst widely used 
in many chemietal ])r(KX‘sse*s. [hire nickel is employt'd to make cru- 
eif)le‘s for lal)ora1orv u.se*. 

Xieke*! eompounds gie'atly r<*seinl>le‘ (‘ohalt (‘ompounds. Like* 
cohalt, nicked idrms two principal oxid(*s; nicLrl ntonaA'kh' Ni() anel 
nirkrl .<esy/a/r>.rc/f Ni/hv e-orre*s|)()nding hydi'oxide*s. (ml 

«>nly one se*ri(‘s of salts, in whie*Ji nicked is bivalent. 

.\kr/i’vloths InjilnKi'kic Xj(<)H),j separate's out as a light gre*e*n pn* 
cipilate* when .solutions of hhalent nickel sails are* ti*<*at(‘d witli 
alkalis. It lose*s watei if heate*el, passing into gre'vish gre*en nicke*! 
monoxide* XiO. 

Xick(*l salts are* mostly gre*e*n both in the* sedid state* and in solution. 
Idle most wide*ly used of the*m is virkri sidphtth XiSO^ 7 Hd) 
or nlrkfl ritrioL w hich forms lK*autiful <*meraid gre*en e*iystals. 

Xirk'f lic hjidroxidt Xi(()H);j is hla(?kishd)rown in e*olour. It is obtaine*d 
by the action of pe)W'erful eixidaiits on nickedous hyelioxidc. Its prop 
crtie*s are siinila?* to IIuksc e>f eMjhaltie hvdroxiehi (o(()H).^i. 

Xde'ked fe)rms many (»om|)lex salts but unlike* e'obalt it is always 
bivalent in them. 

With (.-arhem mone)xide nickel givers a liepiiel volatile (?(>mpound. 
kue)wn as nick'd tdrucarbonifl Xi((H)) 4 , which decoinpe)se*s when 
heated, hbe^ratiiig nickeJ. One of the> methods of extracting nie.‘k(*l 
fi'om its ores is hase'd on the fe)rmati(m e)f XilOO)^. 
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Otu- »>i‘ ihv |>riirtirull.>' iiiiportiiut fuin|M)Hii«I.s is nickt'l s*‘s.jiiin\i<lr 

iis(‘(l ill Uu' iruimitactHIT nt alkiiliiu* in)H-!ii<‘kt‘i sua’aj^i' l)alt<‘rM‘s. 

Oiir of thf ill a rharpai ii-oii ivirkt-l sl<iragn ct'll rorisists of pri^sst^i 

th'ivd iron, t])<‘ otlior, oi li\nickol sosipiioxiilf witli nickrl fili?iirs 

iidilod io jTiipn've its’ (uuuhwiivity. The rlrrtrolylt’ is a dO prr rt'nt snlufiott 
of fmtnssluin Iiytlntxidi'. 

llw iwtiiui idtiio iri)n-nick(‘J huftt'ry is analojjfous In liiat oftla' k'.ai 

stnrai^i' haHory, llu' iron playiiifj: (Im pari orih«‘ It'ai] and tlio nirkol s(‘s(jiiin\id<‘, 
lh<‘ f)art load dinxi<lo. Wlion dischar^od thi* iron atoms loso two cloclrons 

oaoli, oon\<'rttHi into Fo'* ions, wdiioli rom)>ino witli lixdrowl ions t»i 

form Fi‘(<dI)o. 'Idif eloolrnns \ io]di‘d hv tlio iron |>ass tliron^di tho outi'i* cii’cnii 
to tlio nicki'i so.s(jiiioxiiio. wfiorr Iht'v rcdiioi' \i,^();,. forming Xi(<)H)M. 

N<'^ati\'(“ <‘li“on’od(‘ [‘osilivt* I’k^-trodo 

Fo 'Jf viM)ir Fo(()H’u 'Jr i :iHJ) 2Ni(()Hk. ; 2<MI' 

Adding up ihosr tw<« otjuations wo not tin* summary ocjuation of llio I'oai'tion 
talvinn pku'O whon llio storan*' kattory is dis(‘}uirn'‘d : 

Fi‘ XioO^ ; :iHd> - Fo(()H}. 2Xi(()H)2 

WkoTv tkv l>a\tt‘ry is vlu\riio<l tho sauu* voaoU<ai. pmroods in tin* roM-rso dii'oi*- 
lion: at llu< oatlmdo FotOH)., nains olootrons to foi'm motallio iron, wliik' at 
tlio arn,nJi' Xi(<)H)2 \ iolds ok'otrons and forms Xi.^^fj anain. For tliis rt‘asou lM»th 
pr<KM.'ssos. lliost' iff oliarninj^ and of disoharniut? the }>atii‘ry, iain )>»'I'xprossoil 
l)y a sin^lo isjuatiiui. 

iliar«:<' 

FifOH),. 2Xi(<)in., Fo Ni, 4 )., :j 11 ,() 

ilisrharij^ 

'flu’ oloci i-oiuifl iVi‘ foii’o iff an ir*)n-n.iola‘l storan«* l»att<Ty o<juals 1.1 'n»lts. 
Ahhounli its fli'ot nauift i\'<* fdroo is lowor than that ifl tin* li'ail storano Ifattoi’y, 
it is simjfli'r t<f han<lli‘ ami nivos hfunor s»t\ ioo. 
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'rin* elcin(*nts of the second and third Irifids of lltt^ eighth ^rouji 
in lli<^ IVTiodie "I’ahle. ndlHniunt. rl/fMlitint, ptillddium, ihsmium, iri¬ 
dium and plafinufu. are eonihiiied utider lh(^ jronerie name oi' jdafivum 
uh Ials. 

257. (fCiieral Features of the INatiiiiiiii Metals. The ])latiinnn nietals 
form a grotip of rather scarce metals, but they are so similar to one 
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aiiotiH*!' in |)ro|)(‘rli(‘s that it is wvy diriiciilt in si^paratc them. On 
tlie nthe]’ hand. th(‘y r(‘seml)l(‘ theelenKMiis of* the iron t,noii|> very little. 

'riu* platinum metals occur in natnre almost exchisivivly in the 
naii\'(‘ state, nsnally all to^fetluM', ])nt ar<‘ never Idund in iron ores. 

H(dng greatly disseniimited throu^di various rocks, the platinum 
metals l)e(*anie known to mankind com])arativeIy I'ccently. Thr 
t'xistt‘nc(‘ of i)laiinum was (‘stal»lished earlier than that of tlie otluns. 
in I75U. 'riuMj, in the early Xl.\ century, palladium, rhodium, 
osmium and iridium were discovered. The last platinum nu^tal, 
ruthenium, was discoverial only in ls.t4 hv Ih'of. Klaus of the Kazan 
Oniv(Msity who named it in honour of Kussia (Kutlumia llussia). 

Th(* most important constants of th(‘ platinum m(*tals are ^dven 
in 'I’adle :U. 

Tuhlr 

( iiief IMiysi<‘iil i oiistaiits ttir IMaliinitti Mrtals 


niMxiiittii Inijniin eiMi MiiMii 


.Atomic wri^rht. lUl.I IU 2 .UI iau .2 

.Nn<'lc4ii‘ . 44 4r» U) 

Aidmic liidiiis. A ... i.;a i.:!7 i-.'u: 

,S|.(citic Jiraviiy. 1:2.:,’ | 1:2.M ll.ii; :22.4ti :2-2.r> 21.45: 

Mclliiii' point, <lr. i I I 

triers (’. L».4:>n l.aou i,r>r)2 i\7nu i.M4:{ l,7()t) i 


Th(‘ platinum metals belong to tin* less at^ive chemical I'lcMnents 
and arc* very stable* against various kinds of ehemic^al action. Some* 
of tlicun fail to dissoha* not only in acids but even in acpia regia. 

Although the platinum metals may manifest various dc^givc's 
of valency in their compounds, their typic^al compounds are those* 
in which thcry are tetravalent. 

The most important of the platinum metals from a ])ractieal stand¬ 
point, is platinum itself. 

25S, Plaiitiiiiii; al. wl. 11)5.23. In nature platinum, like gold, occurs 
in placer deposits as grains, always with admixtures of tlie other 
platinum metals. The riclu'st dt‘posits of platinum have b(*en found in 
the I’.S.S.Id. in thc^ Trals. The world production of jilatiiuim in ll^o;) 
amounted to Ih tons (not counting the U.8.S.I\.). 

Platinum is a white lustrous malleable metal with a specific gravity 
of 21.45, melting at In the ah* platinum does not change 

c*ven if heated very intensively. U is not attacked l>y the sepaiaie 
acids. Platinum will dissolve^ only in acpia regia, but much less readily 
than gold. Platinum is c*xtracted from its ores witli the aid of aqua regia. 
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()\>in<i to its i'(‘tractoi-iii(‘S8 anti !*osistniu‘(' to ciuanifal aotion 
iiiuin is widolv \isr<l in si*icnliti<‘ anti ((‘(‘hnical laboratoritvs; in an;j 
lytical woi'k liso is tnado of |>Iatininn <.‘!nt*il)l(\s. (‘vaporating tlishc.s, 
(‘loctrodes. t‘tt'. 

IMatinmn is tanplovotl as a catalyst toi' accc‘l(M at ing inan v cinanica i 
pi‘o(*t*sscs. Fin(‘ly divided piatinnin is capal»lt‘ oi adsoi hing considtaahlc 
pi/antitios (»t /)ydi*og(*]i aiid owgcn (as inaiiy as loo voliini(*s pm* xo) 
rnnt* of />/afiniini). In flic adsorbed state the hydrogen and owgta) 
l)e(*om(‘ x t'rx' at'tive: this fonns the basis ter the nse of plati/iiini as a 
t‘arri<*i‘ of hx'drogt'ii and ()xygen. 

in its ctnnpounds piatinnin is j>redtnninant l\ bi and tt‘t rax altad. 
It is capa))l<‘ ol’ ibi-ining coinplt'x compounds in l)t>tlx states: the tf'tia 
\alent coinpountls oi']tlatinnm art* tiu* mine important. 

W hen platinum is dissolved in atpia regia the r(‘sult is rhlorofilatinir 
lU'id H.jj Pt( 1,. 1- xxhich s(>paiat(*s out wlnm tin* solution is evaporatt'd 
as rt‘ddish-hro\x n (avstals of the composition IK|Ft(’l,j| <i This 

is the usual c(»mm(*reial pr<‘paration of [platinum. Tiie potassium salt 
nf ihi> acid is one ofllu* l(*ast soluble salts of j)»»tassium. and its foi- 
mat ion is emploxcd in ('htmiieal analysis lor tin* d(*t(H‘tion of pot as 
i 11 m. 

If heattMl in a stream of ehloriia* at (’. Il^lbt('i,;| (h*eomposes. 

«j[i\ing o|f H('l and leaximj: plafinviH rhiorifh {\ \ ) or j^hffinir rhUtrUft 
Iht'ii; 

If an alkali is adried to a solution of ehioroj>lat inie aiad a l)roxx n 
precipitate <»f Pt(()H)| ialls <»ut. This substama* is called [Auliitir 
luftlroxifh. and forms salts xvlum diss(>l\ ed in an t*xe(‘ss of alkali. 
Another- eomjrouiid of tet I'axalent platinum is pUifinir oxidf or jflali 
inmi dioxifh 

ritloriilr ([j) nj' rfiloridt ld(T^ is |U’(*}>ared bx 

passing ('hl»>riiie over’ tinely divided platinum. IMatinous chloride* has a 
gi-e<*m‘sh colour- and is insoluble in xvate*r’. 

l)i\aU>nt platinum foi-ins many complex salts. 'I'he* most important 
of them are the salts nic nrld HFt(( \\) J. 'FIk* l)a.rium 

salt ol this acid. Ua| IM (('Xtlue)n‘se(‘s bright l\ under* tlu' a(‘tion of 
lilt I a-\iolel and X I'avs and is us(m1 in r^intgemoseopx' Jbr coating 
llnorescent sei*(H*ns. 

Failaciiiiin; at. xvt. IrKiiiiin; at. vvt. 1112.1!. I^ellntl'nnn is a 

silvery xxhit(‘ metal having a speeitic graxify of Jl.h and melting at 
l ..“>r)2 ( \ It is tln‘ lightt*st of the ]>latinum metals, tlie softest and nxost 
mallealrie. It is |■(‘markable for its ea]meity I’or absorbing imnumsi* 
quant iti<\s of liydr<»g(m (u|> to iXM) volumes p(‘r xoluine of nudal). 
Absorlring hydrogen, palladium redairrs its metallic* ajrpeararu'c* but 
incr-eases eonsiderably in xoliime. b<‘eom(?s brittle and ei'aeks easily. 
The hydrogc'i) absorl>ed by the palladium is probably in a state 
apjir’oaehing that of monatomic hydrogen and is th(M‘efor*e v(‘r*y active*. 
A palladium plate* saturated with hydrogen will (*onv<*rt chlorine, bro 
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minf‘ and iodin(‘ ijdo llie liydrogen halides.. vedne(‘ sails of uivaleid 
ifon into hivaicnt iron salts. t‘orrosiv(‘ sul)iiinat(‘ into (‘alonK'l, sulphur 
<lio.\i(l(* into hydi'og(‘n snlphi<jc‘, etc. 

Owing to its attracti\(^ (‘Xterna! appeaiaiuc j»alhn]i!Mn is used to 
inannl’aet lire v arious hinds of jewt'iit'ry. 

('heniieally palladium ditters from the otiim platinum metals. Iieing 
eonsidei'ahly more ac'tivc. It Invited to reilness it will (omliiiie witii 
oxygen to form the o\i<le IMO. it di.ssolvos in ]iitj‘i(‘ arid, hot rmieen 
t!'at(‘d sniphurie a(*id and apna regia. 

Like platinum, palladium may ).a‘ !)i oi- lei rav.dent. hnl it> Inval 
ent (‘ompoiiials are naac slahle. Most palla<.lium salts are soluhlt' iii 
wator and ar(‘ gr(‘at!y hydroly/asi in se'liilion. ritlhiff'umi r/dnri-h 
IMCl.j is j‘edm*ed vicy r(‘adiiy in solution to th(‘ nK‘tal l>y certain 
gaseous r(‘dueta.nts. partiimlarly. earhon monoxide, tins lieiiig th(‘ hasi^ 
ot its use as a t(‘st for CO in gaseous mixtures. 

//•/V//a//MlifVei‘s from jilatiniimin its viuy high melt ing point (') 

and even greater resistamv.' to c-hemiral a<-tioii. Iriditim is atiarked 
iKutiuM' hy th(‘ s(‘])arate aiuds nor ly mpia vc‘gia. Lesides. iiiilium i> 
mneii hardet* than platinum. 

Lure iridium is us(‘d (dr th(‘ mauufactur(‘ ol’ various kinds oj seieu 
tilie instiMinumts. An alloy eontaining ‘au ]K>r emit platinum and 
p(‘r eeut iridium is used lor th(‘ sarm^ purposin Lartieiilmly. th<* inter 
nati<Mial standard m(‘tr(‘ and standaivi kilogram are made* (►ft his al!o\ . 

2ti0. < oiki{MMiiHts ot the Ortavaleiit Kieiiieiits ot tiir rialiniiiii (d‘oM|i, ()l ili« 

plaliimiM groti)) <)nl\ o.'^niiinn aiui ruilM'nium arr tirtMvalrnt in llin! 

i‘nmp»iiitids. 'I’hr nirisi iinpoiiain ot liirm arr: ft rudK jfiuui 

and osnuunt ttrloflunr^'h-. 

(hsinnnit h'fnu'itlv 0 ,s< >4 is ihr s(alii<*>( oxi<l(‘ •>!' tlii.s rlmirnl and |nr?ns slnv\ly 
r\a^jj it'((sniimn IS just kr|H in. r<»ruar( vviili air. It a idsil>!r f r\stallinr sui) 
<t inn'r (inrlt iiiL" jua’nt 4U (■). jiair vrllow m mlmn*. Its \a[»<nn's liavr a jninjumi 
«i«j<»ur aia.l arr vary poisniMus. 

<)>iniuin irlrM\i<lr (lissiilxr.s i-aitirr well in walri', its soiiitHm iml frarttii;: 
.‘aid witli. Iilimis. f-ll^\^■r^r^. as was first rstal)lish*'d 1 )\ L. ('innaivrv (iais). 
nsinniin trlrnxidr is ra]ial>!r of forminr nnsiahtr ronijiirx roniponnds wiili 
strong alUalis. 

l*ossr'ssiiLg pronounrrd o\idaii\r |M’o|»rrt i«*s. osinnim n‘tro\idr rra(•1.'^ \ ri v 
\ igoiw)iisls' witli oruanir snhstannv, bring itsrlf nvlurrd tr biark osininiu di 
oxidr ()s(),. d'liis fbrnis tlir basis J*.»r tbr n.so ofOsDj toi‘ slaining niirrosrttpr 
lU’rparat ions. 

Hidln iiiunt Utnuith lint), j'<‘srniblrs osniiimi Irjrcfxidr in. pbvsiral projirrtir^. 
It is a rr>s(allni<‘ .solid of a g<»ld<'ji-\rllovv roNnir. mrliing at 2 a f’ and sohibN- 
m watrr. llntbruiiMii trtroxidr is nmrli Irss sratik^ than, osininm t<‘tioxidr. aiul 
drr(.)inpos(‘s <'rup(.ivt*l\ at a Irnipivatiirr of alumt Ins (’. brlow its lioiling 
point, into IbnAt ainl (»\>grn. 

O.oinum in tii/hnn'idi Osly is proparrd by i hr ilirt^'t roinl.unai inn ot'nsiniitin 
and fliaaint' at 2 r>U' (' as rolonrirss vapours, wliirh rojidnisc, firii roolr’d, into 
li'inou-yrllow rrxstals with a inrltiiig ]>oin 1 rd' ;»S 

()sniiinn orbillnoriih' p»»ssrssrs picnoiiiUM'd oxidal iv<‘ {.irojirr! irs. 1 i i.s gradually 
di'C'oinj.Mised by wab-r ostnimn trtro.xide and livdiofluorir arid; 

OsK, f Md) (tsO^ • SHK 
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AT mil r M ILMl s 

TIk‘ tlu‘nrv (>r ati>iiiic' struct^iivc the key to an un(l(‘rstaM(lin,u 
(>r the iiHtme of elKunieal r(‘aetions and th(‘ nieehaiiisin (tf Idianation 
(►f elietni(*al eonipounds. 'I'Ik' changes which atoms undei'^o diiriny^ 
ehentieal transl'ormat ions are relatevi only to t lie oiit(‘r shell ol‘ih(‘ atom, 
the atotnic niiekms rtnnainitij: (jiiite unallcMcd. How(‘\er. there are 
j)i<H‘esst‘s of anothcM’ kind taking place in nature. su(*h as radioaelixet 
traiKsformations, artificial production of new (‘l(*ments. ide, TIk‘S(‘ 
pr(K’(\sses involve ehaiiiri^s occurring insidtdlu* nucku. and depend wholly 
tm their structure. 'rheveiVuv, our stvuly of genera! 1 ‘hemislry wotdd he 
ineom])l(‘te witliout at least a brief a.C(|uaintance with flu* data at lh(‘ 
disp(.)sal o1' ]nod(‘rn seiene(‘ on the strmdurc^ of tlu' atomic* nm'Ums. 
It must he noted, howcoer, that despite* the «*onsid(‘rahl(‘ progrc'ss 
made lately in this lit*ld. our kianvlcMlge of tin* struc-turc* of tht‘ atomic 
nucleus is still far from complete. 

l!tH. (■nmplexily of .Vtomie Nuclei ami Their Artificial Disintegration. 
'rh(‘ compl(*xity of atomic nucl(*i first hec'aiiu* (‘vidmit due to jadio- 
actix e ph(‘nom(‘na. All l adioaetivc* changes bore xx it ness to tin* hiet 
that th(‘ nuclei of the h(*avier atoms are complex foirnations xxhit‘h 
<l(H*ay s])ontaneous)y. exolxing lu^lium nuclei and ek^etrons. It xvas 
natural to suj)j>ose. therefore*, that the* nuclei of tlie non radioact i\(* 
(‘k‘m<mts w(‘i‘e also complex in struct lire. 'Tlie most radical method 
of verifying this assuiujitjon xvould have been to cause artificial dis 
integration of the nucleus and to study tlie nexv particles fornu'd there¬ 
upon. P)Ut the nuclei of the non radioactive ekmu'iits proveal to lie 
\ c‘ry stid)le and unresponsive to any of the* th(‘n knoxvn nu*ans of act ion. 

Th(‘ situation .s(*(*m(*d lioj)ek‘.ss. \"erv soon. howev(*r, tlianks toac](*v- 
er idea suggested by Duth(‘?*ford. great jirogrc'ss was made in this 
field. To hr(‘ak down nuclei Diitherford r(*sorted to tin* colossal kinetic 
i*nergy of flying alpha particles or. as they are now calkal, lielioiis. 

11 is pa|)(‘r c'omninnicwding tlie results of (experiments with nitrog(‘n 
app(‘ar(*«l in ItH!). lyv liornbardiiig nitrog(‘n atoms \x ith tin* lu'lions 
emitt(‘d by radium Itntherford suee(M*ded in b]*eaking down iiitro 
gen nnelei. knocking hydrogen nuclei out of (h(‘in. He calkvl the latter, 
th(' simj)l(\st of all atomics miek*i, proloiis. Tims, artificial decomposit ion 
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of the atotii, as it was called at that time, iiad hcciv accon\j>lish(‘d: 
]iiore ])vecisciY, this was th(‘ tirst iialication to th(‘ clfeci that imcici 
c<)ntainc(l protons. 

Sid)s(Hjia‘nt (‘XjKaijncMits ))y i’uthcrfonl and oI-Vmt investigators 
estaldisl\(‘d that |in)toi\s could he knocked out oft lu^ nuclei of all th(‘ 
litihl (‘l(U))(‘nts. uj) to irxline. It eoidd, then'forc', Ix^ expected that tin* 
det(‘ction of j)i‘otons in the atomic mielei of all lh(‘ rest of the cluunif'al 
el(‘m<Mits was only a (pi(‘stion of time. 

However, when nu(‘l(‘i are i)oml»ard(xl with h(‘lions tliey do mM 
hr(‘ak down c(unpl(‘tely. W'lien a helion strikes a mu'lmis only one |U’o- 
tou app(aii‘s to he knoek(xl out of it. the remaimha* of the nucleus 
comhininj; with the h(‘lion to form a n(‘W nucleus. For instance, a study 
(»f th(' collision of helions with niti‘o(ir(Mj nuclei s1k»w(‘(I that this led 
to tht‘ lormati(»n of t wo new jiarti(*l(ss. namely, a ]H‘oton and a nucleus 
with a mass imnduM- f»f IT (oxygen isotope), includin^^ the lu'lion. 
Schematically this pro(‘(‘Ss may h(‘ r(‘|)resent(*<l hy th(‘ followinii 
e(piation: 

i ,dle» 

In other words, knocking om* proton out of the nitrogem nucleus, 
wliosc* mass nun\hei‘ is 14. tlu* lu'lhm is ahsorhed hy the i'einaind(‘r 
(»f th(^ nucl(Mis, which, as a result. chang(‘s into th(‘ nucleus of an 
oxygen isoto[)e with the mass numher 17. Similar nuclear transhaana- 
tions were observed for other elements. 

Ixiitherford's works and a study of the disintegration products of the 
I'adioacti\'<* (‘l(uuents l(‘d to the assumption that atfunic michu contain 
h(‘lioi)s. i.e., helium nuclei, protons, and (‘lectrons. Ihit as the helium 
nucleus in its turn can he j)ietui’ed as consisting of four j)i‘otons. th(M‘(‘ 
followed th(* involuntary conclusion that atomic nuclei ar(‘ madt' up 
of protons and (electrons. 

Such was the first (sulisiupiently al1er(*d) C(>ne(‘p1ion of the structure 
of atomic nuclei, which arose* ns a. result of expen'inumts on the arti 
(icial disintegration of nuclei. 

At tirst nuclei wewe disintegrated only hy liomhardment with helions 
emitted l)y radioactive sul)stanees. Taking into a(;count the minute 
(piantity of these siihstances at the disposal of in\’(‘stigators and the 
insignificant ])erceiitage of hits made hy the helions, it can easily ])e 
understood that the effieiency f>f s^eh hombardnumts was extremely 
low. Further investigations in the field of nuclt‘ar nsnetions j-iapiired 
the construction of s])ecial apfiaratuses whi(‘h would make it ])ossihl<* 
to obtain ])owerful streams i)f cliarged particles. 

'.riie first units for this purpose were liuilt in the early thirties of this 
(•(Mdiiry. In them helions were substituted by a powerful stream of pree 

* A<*cnr(ling tn Hip acccjacd system, ihe sup(‘rscript at Ili<^ upper right-hand 
pf>rn,(*r of the s\'n)}M)l of j ho i]idi<fajes Ihe mass of lla> iineleiis and the 

suhscript af I la* lowor fd'l -haud forruT i1.sa1o?ni<* nnmhor, i.o., nncloar phargo. 




Clinplrr \X\ I. ATOMIC M ci.l lis 


r»r )4 

Ions, ol>taiiK‘(l fV'om oialinary liy(li'<»iron in a vacamni (lisciiarirt^ (iil)c 
iiimNm' the a(*tj(>n oi'a, liiuii voltaiXtc aiiioiintniix tosi'vei’al nullion voh>. 
"Ihe ances \o he Uou\hivvvh*<i were \>laeetl at tlu‘ ('lul <.i the tnluc 

I ’laha’ such eonditinns th(' [U’olons aecjiiii'ed a \ ta v hiu'h N (‘loeit \ and 
\ver(‘ able to disinteirrat(‘ the nueh'i oi many ehmuaits. 

rh(‘ first (‘/ement hoinhardt^d was hthinni. Fission of tfa* lith/nni 
;nu'/(‘i/< resulted in the relensi^ nT an immense ({Uiintiiy of (meri^\\ 
i/fcalh (‘\cccdii)ij that (da flyiny proton, and in th(‘ t ransidrniat ion 
oft he nnehais. \\ idi t ho proton captured hy it. itito t\\(> helimn 

imei(‘i : 

,Li- : ,H ' .,He» Jle‘ 

h wa.v foiintl that in most (»th(‘r eases nuclear thsinteorat i<m ;dso led 
i(» liie emis.'Nion of helium nu<*lei. 

This iM'w method of homl)ardinLr atomi<- nuclei with fast protons 
(•iVeied iiveat op]>ortunit ies for a study of tfii- struetttre of llie atomic 
nttclctis. its wveat advantage was lh(‘ possihilily t'i reculatina ti\t' 
\c)(K*il\ of the protoiis. of eatherine them into a narrow Ixaim 
and dii'ecliti!,! rheni at any spot desired. 

The use of (‘h‘ct rostat ic appaiatiises was a 
consideral)le stiy> forward in (‘ontparison w it It the 
us<‘of i'a<lioaet i\s(mrc(‘s ; howe\cr it enlaiierl 
a nund)ei-of<.lit ticult ICS and iiaton venitmecs. Soon 
afterwards, therefore, new apparatns(*s -«*yelo- 
Irons came into use {or the piodiudion of 
st reams ojfast pai‘ti('les. ('vidot rons w t‘r<' l)as(Mi 
on rep(‘at(*<l aeeelcuation (»i the partiehvs h\ 
nxarns of an ahtM iialinc elect l ie held. 

})arC' oi' a »••<. (■!()n‘(vn il' ig. I AS) ;u'o Uvr> 
iinSv'.> "l a lYcltow (fi.<k /, /, ]»ta('ed at a ci’roiiii dis. 
tance livan "uo aicaht r aii'i t-alled .llotti dees 

aro loean'd in a maaraaic lield of a dircclion pcr’pojj^ 
diciilar U* tln ii- plain', and ait* coniioctctl with an a, «•. 
^iciH-rator :J. riio I'oiidM’nefl action ok tlic ina^nctit' 
and ( icciric liclds makes l)ir- sii*c;,in of r-ha!-j_a'd particic.s tra\’cl 11irou<j:;h the 
apparatus in a sinu:!*' plane alonu an i‘volnti\e sjkral. 

'I’Ih' ehar;j:ed j'arheies jja.'^s iVom tlie auxiliary apparatus d into tia* eleanue'e 
i let Ween 1 Iw dee- a I id ii.n< ler the inlliienee of t lie elorl ri(.‘ field I lefjiii to t rav el with 
crow ini.: \'eIorii\ from "IM' tk’e to (he <aher in the dir«’etion indieatt'd i.m I lu' 
licnn* li.\ arrows, fad<i'inc tie do,*. wJjrre th*'i-(- i.s no eleeti'ie lield. the ] larl icl(‘< 
niov.* iinitdiMnIc, relaijiing the \-oioeil\’ 1 liey have. ae(j!iir('d, iintd, liasiu^ de- 
.-.eii!)i d a sjniieirelt-, the\ return lo th<* ot tier side of l he ele.aranee hetwt'en tin* 
()'*es, fh'* coiaaator is. adjusted O; elianc- the direction of tla^ (*le('t I’ic litdd 
at this iiKMiii'ni. so tfiat the. particles are acain aeee!('ral('<I in the eloai‘a:n<'(‘ 
and llien eontijuio t heir eireular inolion ihronoh th«‘ si'cond de»\ l.’pori passin;,: 
IrfiiM 1.h<' second liee hack into the first, the \el(M-ity of the, jiai'tiek'.s is a^>;ain 
-stepped uj.i. <'te. Afnr s<'\i'rai hiind?'<‘d j-e\ < ihii ions i he stj-eani of particles is 
diS(*har'ee( 1 irom !)i(> iipparafus ihron;:h tin.- opt'nine ■/. 

in itiis wa\ the jinal \cloedy of I la- pai'ticle.s. and tla'refoi'*' Uieir kua'lie 
eiaa'CN, can lx- rai^c'd to a \ ei \ hiLdt niacniliide. |■''or instance, if lla' partiek'S 
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<lo 100 hairn'vnhjj iotis in iiri ch.M-tric. lirld with a voltayf nf a.OOO tiicir 

i <»h (iisclairfjTf will Ik* <‘({iial tn 10(J ajMMi aOO.ooO j'l^'ctron \(tlts.-^ 

1’lu> (Minxv af(juir<Mi l»y partiu tin* r\a*l<)tr()H ma\ !>•* a^ as si'snal 

trns i^V t^aWit'US. tA v'lortrou volts. 

('yclolrons aiT V(M‘V lar^>;(* ajiparat tis<\s. Imm- iiistaiua-. Ihr wi'iohl 
ol'tia* oia.LOH‘l io ot»(‘ of the rN'olotrons is -l.ooo hais. Still thoy at'<' 
(•(>nsi(l<‘ral>Iy sinallor than rostati(' tinils. 
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ftirt lua* pro^tvss ofatoiuic ]>li\ si(!.s rctjuirod I1 k‘ ioii t»f rx tai 

oiore powciful particio a(‘C.ei('Vi\tt>rs iiovtt tlu' vycUnron, tli(‘ possihil 
itics of which Iiad ]in)\od lo )k‘ exhausted. Aeeorditigly. a itttndaa 
of ii<‘w ty|u\s of ' super aee(‘l(‘rators*' have l>e(Mi eoiislniet(‘d in i1k‘ 
r.S.S.Ix. and abroad. 

'riu'se ineJude t lte syneliropluisotron (Fig- installed recent 1\ in tlx' 
r.S.S.Uat tlie Inst itute for Nuclear Hesearch.and caleidated to irn]>art 
(‘iiergies as liigli as 10,00(t million eleetroji-YoIls to pa.rti<*le.s. 

2<>2. Diseovery of Neutrons and Positrons, 'fhe eonee])tiou of atomic 
nuclei eonsi.sting of protons and electrons persisted in science hn* o\fi 
ten years, although it contained a nuinl)(‘r of (\ssenTial contradictions, 
l^nt sul)S('((uently ru'w discoverii's wei-e made, nhich hronght a radical 
change in this conception. In I0:h> lh>the and Keeker notii“-e<l tliat whiai 

* OiK' electron \ ')h (*'v) i.*^ tlu' cncr«r\' nc<|uii-<Ml In an clrcir<»n iii 1 ra\«MsinL’ 
a pDicnlial ilifTcrcncc nt' one \'oIi ; 

J .‘\ l.r>0-10 '-erg ;kS2 l0 -M.'al, 

ft is enstoniarN' iu nneh’ar |>l»\'si<*s to express (‘nergy In terms nl’rltM*! ron\ oils. 
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])i‘iTirnim atoms \v(mv ]>om}»anUMl miUi InOions ii(‘\v rays wi^iv ernitUMl, 
having a ti^muMnlons jUMictrating power: a lay(M* of load throe oenti 
motn‘s thick could ahsorh only half of them. 1'hc a.p|)cara,nc(* of thcs(‘ 
rays was ohscrvcnl also l)y Irene (‘urie'*' and her hiishaiid Ff^Mlerii* 
doliot-Cnrie, who ohs(‘rved also that the rays discovered hy l>olh(‘ and 
U(‘ck(M'knock very last protons out of substances containing liydrogen 
(water, paraffin, (‘tc.) in ]»assing through them. 

'I'he nature of th(*s(‘ lays was (>stal)lish(‘d only in They provtal 

to he a stream of’new electrically neutial ])articl(‘s. emitted at (Mior- 
mous s])eeds hy heiyIlium nuclei aiul poss(»ssing a mass almost (apial 
lo that oj'the jn’oton. Thi*s(‘ paTlicies hav(‘ lK*eome known as iieidroiis 
and art' now tlesignated i)y (ht' h'ttt'!* //. 

'riiiv‘ ]M*‘»r\‘ss lra<lini: t<> tin* t‘uussu*u «»r n*Mitrniis }»y !>t‘rvIlium atoms rousisls 
itt I }io ahs<Tut ioii of lu*lious by hor\ Ilium lUM-Iri (isot«mr U) w it li i hr simuli anrous 
rmissiou oTojH' urulro!i IVom r.'U'h uurlrus, as a I'i'sult of w hirli i hr lattrr r}ian;i<‘s 
mto i\ rur)»oii uurlrus; 

,tfr« . ,Hr‘ 

Furtlua* invt'stigations showt'd that iM'utrons Ibrin also wh(*n lithium, 
boron, fluorine, alumininni and otht'i* atoms art' hornharded witii 
lu'lions, 

1'h(' imnu'usc* pt'iieti’aling power of neutrons is due to tlu' fact that 
they cai’ry no clnirge. 'fherefore. th(*y do not intt'ract with th(‘ niu'k'i 
of the atoms they pass tlirongli. so that tlu'ii' motion is not i'('tard(Mi 
uidess tlu'V collide dirt'ctly with tin* niu'k'i. 

'The neutron was first considert^d a complex particle consisting of a 
proton aiul an electron linked intimat(*ly with one ariotlua*. Afterwanls, 
Irowever. an (‘utii'ely different <*oneeption was also found possihh'. 

Almost simultaueovisly with !\eulrons another type of particles was 
discover('d having th<‘ same mass as th(' ('lectr'on. hut (‘arrying a. jx^si 
live ('k'ctric charge, riiese particles wer(‘ eall(M| positrons. 

'TIk* (‘\ist(‘nc(‘ of |)ositi*ons was first ()h.s('r‘V(*d in tin* study ol‘cosmic 
rays, whicli were discov('[‘ed as tar hack as I HI 1. 'fhc'se rays (‘liter tlu' 
(‘arth's atrnosplu'rc' from univer-sal spacx* and jiosst'ss trenu'iidous 
(‘iieigic's. and thei*efor(' a very high ]>ene1 rating power. The nature of 
cosmic rays lias not h(*en estahlislu'd ('xaetly to this day. Tliey ar*(‘ 
apjiarently ekadi'oinagnetie wavers of a natur(‘ similar to th(' gamma 
rays emitted hy i‘arlioactiv(‘ snhstarua's. hnl at the sanu‘ time (Hintain 
fast partiel(\s. 

In the Sovud A(tademieian I). Skoheltsyn, in experimenting 
with the Wilson chamlier, noticed in it the ap|)ear‘anee of tr*aces k'ft by 
ehai g('d partiek's of some kind, tliougii no racliations had l)e(‘n hd into 
t he ehamher from the ontsick*. The a])]K'aranee of tlies(* parli(‘k's eonid 
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})t‘ explaiiK^d (m)y hy tho action of cosmic* cays o»j tiic ciianiixa'. A 
similar plicmonumon v(as ol)sor\(‘fl in hy tla^ AmcaicMii physicist 

AndcM'son who s1ii(li(‘<l the* clcdcction of 1 he* particles in a inaLnictic* 
licdcl and came* to tJic* conclusion that most ofthenn rcais, fail 

that posilivedy chai-^csl pailiclc^s of a tnass ccjual to that cd’electjons 
w(‘r<‘ also present. It was soon (‘stal>lish(‘d tiiat positrons also 

due to the action ol'^nunma rays on many ht‘a\y medals ami mav he 
c*mitt(*d hy certain hydit medals uhem hoinharde^d \sith h(‘lie)ns. 'I’he* 
positron is eh‘si(j[nated hy the symbol c . 

distintrnishinir leatnre* of the^ positron is its \cry short lilelinu*. 
a\e‘raji;inc in ” secernd. A positron e-annot exist for any Jenutli of 
linn* in a. mat(‘rial medium, as npem (‘olhdin.ix with an td(*etron (in 
th(" sh(‘ll of some ateun). it immediate*ly e»)m}>ines with it to 
form two photons of piiiiina rays: 

o' r '1 hv 

The* transfornialiem ejf tin* positron-e*l(*edron pair into photons is 
oft(*n vi*i*y inaj)proj)riate‘ly e*alled '‘annihilation ’ (from the liatin 
nihil mdhin.c:). d’his tei'in is apt to lead {n tin* ie{i‘a that the collision 
l)(‘tw(‘(‘n a positron and an e‘l(‘elron re‘sults in tin* disapp(‘arane(‘ of 
(natter. Actually, of course, uot.hiiic of the kind ha])[K‘ns. a,s a, detinitc 
amount of photons a|>)>(‘ar instead of tin* ]M)sitron and elec'lron, lliesc* 
j)hotons having a mass <n.pial to that of the positron and electron that 
liave* ’‘eiisapi)(‘an‘d/' 'finis annihilation is hut a transition of 
matte*!' from one of its forms (positron and (‘l(*etron) into another 
(pindend- 

'fhe re‘\(n'se pi’oet'ss, i.c*.. tin* ‘'hirth*’ ol'the positi*on-electron |ia.ir. 
is als<» known. I)(*iiig ol)s(‘rv('d in the Wilson ehaml)(*r when very hard 
ganuna. rays are ]>a.ssed into it. 

IMJH. Theory of fhe .\tomie Niieleus, As soon as the twistenee of n(*u 
trons Ireeann* e\'i<l(*nt. tln‘n‘ai'ose* an entirely n(*w eone(‘ption of nuel(*ar 
st rued lire*, first jnit forth and gremnded lyv tlie So\ i(*t physieist I). Iva- 
lu'id^o in lhl^2. .Aeeording to this eemeeplion tin* nf(rlon-<i e'o/cvhs/N on/// 
of jn-oUms one/ ne/e//'ons. and contains no electrons at all. 'fhe ratio 
h(*t wee*)! t In* niimh(*r of |notons and in*ut rons in t he niiel(*ns is e\]>ress(‘d 
\'(*ry simply, 'fin* miel(‘ar mass eeiiials the sum of the mass of protons 
and neutrons. The whole numlR*r e.xpressing (appj-oxinuit(*ly) tin* mass 
of th(* nucleus iu e*on\(*ntionai atomie* W(*ight units, is eall(*d tin* muss 
lUuuUer of the atom (luieleus). Ashedh the])rotori and the neutron have 
a mass \ ei'v close to unit \. the mass nuinhe*?* indieat(‘s tin* total numher 
of |>ro1ons and nt'iitrons in the nnelens. I>ut tin* numhei* ol' protons 
obviously (‘epials the mnnhe*r of positive* (*hai'ge\s on the niieleiis. i.e*.. 
tin* atomie numher of t he el(*m(*nl ; tlierefore*. t ln^ miinln*!' of lu'utrons 
eepials the elillere'uee l)(‘tw(‘(‘n tin* mass numher and the atomic nnnd)(*r 
of 1 In* clem(*nt. 



! Uie muss mimlxM' (»i ;ni atom l»y .. tlu‘ <‘liartr(‘ on its 

micl(‘us \)y Z and tlu' mnndcr ol’ncut rons l>y .V. \v(‘ir(‘( t IhmuhiuI ion: 

.1 Z V 

tlu' nnm}»(M ol protons (.ujuals Z and iht* nunilKM' ol lu'utrons A Z. 

{siaop(‘s. <ihviotisiv. jioss(‘ss (Mjiia! nnmiM'rs of jn'otons. (mt dilhai'nl 
nnndKM'< ot uoulrons. 

1’\\'o 1 \ pos <>]’ loi’cos act K(Mv\(M‘n the ]>articlcs constitn.1 inui tlu 
nucleus, namciv. ordinary (‘o»ilond> }t)r('t‘s ol r(‘pulsion 

positi\<‘l\' ch<:rirc<l protons, on tlic one hand, and sjKaaal allrac 
tiv(' 1‘orces l)et\\een all the particles. elVective only at vi‘ry short 
distances, on tin’ oth(‘r. d’ht‘ latter forces are rtderred to as nuclear 
forces. existv‘nct‘ of tl^ese forces is conlirnu'd l»y (‘.\p<‘rinu‘ttts 

on tiu.' scatteriiiii ot a neutron Ikmiu in liydroixtui. which slow that 
at \v\\ shoj't <!istatices of nucif'ar order a strone attraction arises, 
ht‘tuoen j)i(»tons and protons, iientroiis and tjcntrons. and ludween 
protons and mmtrons. 'fhe attractive^ unclean* forces are consi<lera.))ly 
more j»owerfnl than lh(‘ r{‘pnlsi\c force's due* to like* (‘halves, ami 
account both for tiie siahilit x and for* the* x eay possibility of e,\iste*nce 
of predem neutron nuclei. 

I lowe'ver. not all eamdunat ions td protons anel ne'iit reuis are' stable. 
The* aloniie mie’le'i of the liuhte*!* ele‘in(mts ace stable* as lemti; as the 
number of neattrons is approximate'iy e'epial to tla* mimber e>f ])rt.)tons. 
As tla- nue-le'ar mass ine:reai.ses. lio\\ev(-r. the* redatixe* niimbeM* of ne‘U- 
trons n(‘e.*d(‘el to reaxler it stable* i»;rows and. in the* latte'i* serit's oi 
tlx* IN-riodic 'fable*, eemside'iably e.\e‘(M*eis tlx* numbe'r of pre)loi!s. 
d’liiis. basinntli (at. \\t. iditp) contains liMi ne'utrems for its s:i protons, 
while (he* miel(‘i oi' the* ]x*a\ie*r elf‘m(‘nts are LX‘ne*ral!y niistahle*. 

At prese*nt tlx* j)roton ne*utron tlx*ory of tin* nueleijs is unixe*rsallx 
rcce»<!ni/a‘fl. tlx* prot<»n aixl the* neutron he'ing re^aarde'el ix)W as two 
iixle])eneji*nt <‘leiiienliin paj’tiele's (i.e*.. not consisting of s!nalle*i' 
]»article*s) or. more* pr<*e'is(*ly. as two slate's of one* and the* sanx* par 
tie le; Iheie-fore*. nixlec certain e*oixlitions tlu‘y are eapahle of ehan^in^ 
into one* anetlher. at the* same time* ”trix ing hirth" to a positi’on or 
an (‘le'ctron: 

proton • nentron j>ositron 
ne'ution ■ proton - e*)ee*tron 

in partieidac. sue*h (‘(e*(*tron ‘hirth * t.ak(*s plae*(^ durin<: raelioactixe* 
// eleeay. The* (‘missieMi of ede'ettreuis by radioa(.dix'e eleme*nts max 
be* altribiit(*d to the* fae-t that one* «)f the* ix'iiti'ons e*ontaiix*d in the* 
nucleus is iransforme'ei into a predon: the* e'le'clron thus foi*mf*el is 
emitte*el. and the chai’i^e* of the* nnelens ine*re‘ase^s hy one unit, Owim: 
te) tlx* mutual f*onxe*rtibility of pre>tons and nenl?*ons, th(‘y are* oft(*n 
enmhiiied nnde'i the* commem name* of ‘'nue'lons. ' 
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IM, Uindiui: AtoniU* \\\iW\, Mas^; Ahov<‘. in 

(lis(*ussin<jf tlu‘ jJinnluM's of protons aiul n^Mitrons in the imcUnis. \\(^ 
ioninl ll\at thn mass oi a\i atomic luiclcus vajuals t!\c t(»tal mass 
ol all its pi'otojis and n(*iitrt»ns, W’c 1h(aii jM*o('(*(‘d(Ml fi‘oni th(‘ assuntp 
lion tliat the mass oi 1 h(‘ ml(•l(‘ns is alwaxs rcprcscjited hv a wliok* 
iniinh(‘i‘ and t hat llu* mass ol tlj(' proton and tiu' land ron i;‘(|uals unit \. 
Actually t his is only appi‘<»\inia1(‘ly t rue. As far hack as I iKV2. x\ hen Aston 
la^^an t<» work witii his n(‘\v iinprovaal juass s]>(‘ctroera-|)h. he foimd 
that the mass<^s ol indicidnai isot.(»pes in njost e.a.ses d(‘viat(‘ some 
w hat fVom w hol(* numlK‘rs. I>esid(^s, the mass of the ]H‘oton and 
neutron w(M‘e also found not to (ajual unity exactly. W'hen tla^ masst‘s 
of v arious iinel(M wci7‘ eahailatcMl usijij/ tlaj (*\aer values f<»i‘ tlie mass 
oi' the proton and th(‘ neutron, it was fouml That the calculated 

valu(‘s difl('r(Ml sliyditly from th<‘ value> found C‘xj>erimenrally. 

Ivcl us. lor iirslancf*. caleidaU^ the juass ol' tlie helium nuel(Mis. 

which consists ot two protons and two taaitrons. Accordinjj; to th(‘ 
most aceurat(' mod(‘rn det(‘ijninations. tlu* mass oi' a lumtron c<juals 
l.odsl*. ajid tiiat of a proton l.OUTt) o\y<f(‘n units. T)k' total tnass 
(»f the protons and laait rolls in the helium nuckms canials 

2 l.DnTt) . 2 4.u:V2» 

wliik* aetuallv llu* mass of the h<*lium mu*Uais is 4.<to;k o.itS 

owyrtMi unit less. 

Similar results w’(‘re ohtai?K‘d when, the masses of the otiaa* mielci 
wi‘re eal<‘ulat(Ml. It was i'oimd that- th(‘ mass of t he imeleus is always 
l(‘ss tlian the total mas^ of 1h<* parliel(‘s eonstit ul iii,u’ the niielens. 

of all t h<‘ pi*otons and neutrons taken s(‘parat(dy. This phenom 
etioii is known as th<‘ mass dcIVet. 

ll<»w is th(‘ loss of mass in tiu' formation of atomic imekd to he 
aeeomit(‘(l for* ^ Modern ])h\sies Ltives the following answtu* to this 
(prestion. Ac(*or*diiig to th(^ theory (»f relativity, founded liy one 
(»f the most piojiiiruMit sc'ient isfs of the \X century Alber t Kin- 
sU‘in (i S7d IdT)”)), tlu'ie (‘xists a definite relation ht'tween mass and 
en(*rgy. e\pr(‘ssed hy tla‘ (‘({nation 

hj -- ///( - 

w her(‘ yf is I lie (‘iK-igy in (Ugs: ///, t he mass in grams: r. the velocity 
of liglit in (-m. p(‘i' s(‘c, \ 

It follows, thcr‘(Toi{‘. that any (*hang(‘ oi'inass must he ac(-om[)aiii(‘d 
hv a cor*r*(\s|>()n(ling (diarigc in cncr*g\. If tlieie is an appropriable change 
of mass Avh(*n atomi(^ iuicUm are foniu'd. this nuxins tliat at the sam(‘ 
tim(‘ an enoirnons amount of em'vgy has been releas(‘d. 

The mass deha t involvcai in the for*niation of the helium mieleus 
amounts to (ftKt oxviten unit, and in th(‘ formation (d 1 grani-atoin 
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ol h(‘linm o.o;> ur. Accojdini^ ti) flu* ;iIk»\c (‘(jiinl ion this <*()rr(‘ 
s[)(Ui<ls to M rt‘it*as(‘ of (:S n ' 2.1 (w^s, or 

t).r> ( al. ol (MU'r^y. 'I’o an i<l(‘a of this tivincndoiis rjuantity 

of (Mieri!;y it will siiflicc' to mcMition that it is a|)|)ro\ima.t(‘ly <‘qnal 
to that |H‘(nhu-ed in oiu^ hour l)y an rUndrii* powor station of ahi>\it 
7nn.ot)(» kw. canacity. 

Tiu' aniomit of miMuy (Mnitt(‘d (inrinu: tho foi'ination of a nn<*l(*us 
from protons and iiriilrons is calh'd tin* hiinliiii:’ nwrj;} nl* Uu* mirlons, 
and ('haract('ri/es its stal»ility: flu* more onor^y lilxa-aU'd. tlu^ mon* 
stahh‘ tlm niu'hms. 

d’tu‘ ihudiuLi oni‘V;iZy of ti\o ludiwin inudtms lajnals 2K \niliion (doc- 
tron \ olts. 

If tho binding ojioriry td' tlH‘ mu'lons is calcnlatcd and dividtnl 
}>y the tot;d mmifua* of parti('l(‘s (protons and iKMiti'ons) in it. wr 
lind the ciirriiv ridhnc'd to onn j)arti(.*!c in tin* iiiicirns. 

Snell ealenlations eanioil out for all the niielid rtocal a remark 
ahl(‘ lael ; iIh' hindinii; eiu'rey i-eferred to one jiartieh" in t ht‘ niiehms 

approximately tli(‘ same in all nuehd and lajuals 7 to S million 
elcet roll-volts. Thus, taieli pat‘tiel(‘ inenaises the hindine (UKU’ey 
of tin* uueleus hy t!K‘ same \alu(‘. liiMKax tlu* proton anti th(‘ iK'Utron 
h<mds in the mielt'Us are eipially stronii'. i.e,, mielear fore(‘s are 
manih'Med identii'aily witii res]H‘et to \lie prtvttm an<l the 
ntMitron. 

iNia. Arfilieiiil Kadioaelivilv. In Irene ( urie and Fretlerie 

.]tdit)t-( hn‘U‘tiiseoN eretl tir.vt t*erta.in li^lit elenumts. horon. maenesiinn 
and aluminium, emit ])ositrons wlum homhardiMl with ludions. Th(‘ 
n(‘xt year tlu^y fo\uul that when the sonr<*e of Iwdions was rein(t\cd 
the (‘mission of positrons difi not eea.se imuKalialtdy. hut eontinu(‘d 
lor some l(‘nulh of time. This meant that helion homhardment had 
result<‘d in the loianation <»f certain radioaetiM^ atoms with a definite* 
lifetime, hut which (‘uiitted positrons inst(‘ad of helions or electrons. 
Thus was diseo\(‘i-ed (utilirifil rffdltKirdriff/. whieh pro\'ed to h(‘ 
of (juite a speeilie naturi*. the nuclear d(*eay in tliis c^ast* l(‘adin;j^ 
to tlu‘ (‘mission of j)osilrons, 

Irene ruiie and kiederie doiioi t’urie attrihuli'd th(‘s(‘ ])li(‘nomena 
to th(‘ formation of very nnstahle nuclei unde?’ the influ(‘noe of 
li(‘li(Mi homhardment. whicli tlien disint(‘^rated, emitting ])ositrons. 
For <*xamj>l(‘. in tin* east* of aluminium the proc'c.ss tak('s plac(‘ in Iw'o 
st e} )s: 

,;>AI-* .,II(‘« 

w hiMC ir,l*'^“ is an arlilieial phosphorus iso1()p(\ calhal "radio])hos 
])hoi‘us. ’ As ordinaiy ]>hos|)h(»rus does not contain this i.sotope. tin* 
latt(‘i' is obviously unstahh* and disint(‘erates into a stahh* nucleus; 
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or.i 

TIk^ luiiriilV |H‘rin(l of rHfrK>|»lM>sj»!H>rns r(jnals M ininulos ;nnl ir> sec- 
oimIs. 

Siinilai* pror^^ssrs rx-t-ui* wlnai horon and niauiiosiuni nucha ai‘<' hoin 
l»anl(al with h(‘lions- ■■radiimilrniTcu ' -X*'* i,half life I t nunnK*^^ 
i-csultine; in th(‘ lirst case, aial “laiTK►silicon ' (half !il‘e niinnlcs 

and s(‘conds) in the s(‘cond. 

('nti**, a. uromliiiiii pliysx-ist, ri'<>fV“<sur rjf t li*- I’jiixtM-si. 

ly el' I’firis, \Ki\.< Ikhj) in IMUH. 

.Inli<i{ <was a |jh[hI nf ifa* arahni: Fj-nirh [>liysif‘i^l Fan! fiatiitf'vin 

an<l a cn-u < ii'k»‘r •>(’ .\Ia]‘ii‘ (’ni'ii* Sklnihiwska- in w hust' laf x wai ni’\ .k'li. a a'nrir. 
toLaalfinr with liis wiit' Irvjw/ ('uriw ills- 
f( )\ rr»M\ avl ilw-ial vahi< mc-t ivil y. For 1 his 
<li.s('o\4:ry Im- aral lo'-n'- t.’nrir w**Tr 
awardnii fix* Xciht-! I'l'i/i'. 

In MMs .lolini-urir cmst rii(*n'«l 
ih«‘ lirst I'ornrli nuclear ica(t«a\ in 
which a niH'lcar <-hain r»acii(nj wa^ 
ac)iic\c<k 

.hilinl-<’inic is in the l'r<>!ij rani<s oC 
tile stna’Aile jieaec atwl d'an'u-iMcy 
lh‘ is nn\N Ihesideni ef the W’orhl 
l’ea<‘»‘ (’omicik 

Allhoneh th<‘ anuaint tif aititi- 
citdiy ohiained radioacli\(* side 
stance's ’y\'as e'XccediiiLdy small, 
their nature was n(‘\'(‘rlheless sue 
(‘(‘ssi'ully esta)>lisiie<l ]>y chemical 
means, which jiave the urounds 
f<»r wfitina tlie above eejuatioiis. 

'The results ofitaint'd hy Irene' 

<'uri(' and fheeliaae' Joliot ( hii'ie 
oj)(*n<‘d u]> a new' wide* spiiere foi- 
iiu’e'slications. Soon a numher of 
analotfous works appeaitMl. Ksjie 
cially inl('r(‘st inu’ ainonji; them 
w<‘re those.' in which neuli’ons w<*r(‘ 
employed to homliard tlie'nuele'i. 'ridswastt Ae'iy appropriate'clioie'C, 
as neutrons, heinc uimlral partie'lexs. pene'trate* atomic nuclei much 
more* easily, ^ivinu* rise' tei lu'w nucle'i. In this way do/e'us ol lu'w 
radioe'k'mi'uts we'ie' ethtainexi with hall li\t‘S ranains: trom a le'W' 
seeronds to se'VC'ral elays. Many e>f tliese ele'inents weie* succe'.'^stully 
isolate'el hy cht'Uiical me'ans. 

I nlike* Indium liomhardme'iit. the radiations in all the' latte'r eases 
eonsisteal of ede'e'trons. riie me*(diaiiism ol Jen niation oi radiexde'me'nts 
wlu'M irraeliateal w itli ne'iitrons is evidemtiy as leillows: ujion capturing; 
the iK'Utrem. the' nuedeus e'je'ets a predem. turning into a nt'w imstahle 
nuele'us with an atomic numlu'r euie unit lower, ddie latter de'e-ays. 
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m'2 

oiiiittiiiii; an nleclron and a^ain iortnint!; tlin sanu' mi(0(‘us as Ixd'oin; 
for instanct^ : 


„n' ,i-P 

Over inn ra<linaeli\isotopes of ellemil^‘ll el<*inen(s a]'(‘ known at 
po's(‘nt. ^^ itll (‘!ee 1 i*on or position radioaeti\ity.. and A\ith hall !i\ t*s 
raFiuinir fi'iun fra<*tions oi'a smond to s(‘V(‘ra.i months. 'Die total nnin- 
her of N'aritaie.'^ of atoms found in natnrt‘ or obtained by artificial 
m(‘ans amounts to approximately Ton. 


last inlyiiijj, lix' mi'-i ioH'<nrr<*i‘?nati«»n <i\ t‘ isoinju's a v(*r\ itihM't'StijJi/ 
]'tu‘n<>nu‘7a>]i calltui inn'lnir is^tturyt/ was nf>sri \»ML iMHisisi inu; in tlir i fial 

two radioai'l i\<' atoms juay jhissoss flic* siono mirloa!* (*ltai*i:o ami tlir Stimo mass 
ivumbov. (lirtvvria ra.nio;Haivr )»vo]n‘rtia.s, Atras, V»a' instanc'o, irriabaviou 

ot'ltrominc !>>' m-atpais ris<- t»> two (linCrciit radiolwomiitos, }ia\ini: 

lialf-liv(‘s <ij'p'-hocay of Is mimit<‘s ami 1.1? laairs. Such atomic rincl<M ai’o calltMl 
is(imcri('; lia\ ini:' i' lani i«‘al composit itms, t lc‘v an* appafait ly ilin'crcnt in st nid nr*> 
atid in tlincrt.‘n,t t'licriry stat**s. 


-btb Transiiraiiiuni IHeinents. 1’l»e nsi^ ol iunjtrons for tbt‘ bombard 
ment of atomi<* .nu(‘i,(*i not only l(^<l to tla‘ preparation of radioactive 
i.sotop(‘s foi’ all tilt* known elements, but also (‘nal)i(*(l seit*ntists to sol\(‘ 
d probk'm wliieli hatl loifix inttavstt^d them, that t>f the |)ossibility of 
<‘\isl(‘ne(‘ of transuranium el(*mt‘nts. i.t*.. elements with atomic num 
IxM's (‘xeeediim it-. 

'Die Jirst ti-ansnranium elt*inent was diseovei'ctl in IP-P) in n study 
of tlie (‘licet of neutrons on nranium. It was fomid that iienti'ons with 
an energy of ib> (‘leetron volts are easily absorbed by niu'lei. 

r(‘snlting in a very nnstafth^ // radioaetivi* i.sot(»p(‘ ol uranium 

witl\ a half-life jieriod of IW minnles. Kmitling bi‘ta, partitdes, 
ehangt's int(> a tu'w elenumt with an atomic numh<*r of \K\. 'This m‘\s 
<‘l(‘m<Mit w as named /h jilnnunn (Xp) hy analogy wit h th(‘ j>lan(‘t N(‘p 
tune, which follows tlu* Tranus in tiie solar system. 

1 ’he formation of neptunium can Ik* ]'cpi‘e.s(*nt(‘d hy flu* following 
<*(|na 1 ions: 

02' 0*' <12'^ 

1 J ' 

02' " o.t*^'r 

It was sul>s(*(jii(*nrly (‘stahlished that Xp-’^-^ is also radioactive*. 
I ndergoing /> (l(•ea^\ it changes into an (‘It'inent having the atomic 
niimhei’ i)P whieli has lK*<‘n nanM*d fthihtunnu (Ihi); 
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Tlwis. ivnuluvlvoi^ <d' uranimu \\y nrutrous resulted in two transiirn 
niuni ol<‘in(‘nis, :mh 1 pintoniuni. 

Idiitoniiiin is (jiiitn a stable^ (‘lenuMit. its half-lilr pcaiod ht iiiu 

ai)oiit 21,000 yoars. baviittioj:^ Uidioos. it. very slnwly into tlie 

n rani inn isn1op(‘ 

Anotlier pluinniiim isotfjpe. Iiatl Ihmmi nhiained pr(‘\'inus!y 

by b<nnbardiiiji; uranium with (l(Mit(‘r<.ms (licaav Itydi'n.uen nuclei) 
in a ey(‘lotr<»n (s<‘(‘ p. tir»4). At th(^ sain<* tinn^ an unstable isotope^ ol' 
neplimimn is foi-nuMl as a by-ju'nducl. ddie pr(>e{^•<s lakes plaei* 

aeeonlin^ to the Idllouinir <‘<juati<ms: 

eJ 

d‘lu‘ jdutonimn isotope is a active ami ijas a halV liVe of about 

oO years. 

in nU2 anotlua* isotope of nej>tuninm was obtaine<l. nanudy 
Xp-’*'. which is especially notiovtirtliy, as it is u active and has a veiy 
lon^^ halt-life pm'iod. amounting to 2.2r> • 10*' ytMrs. <twine to its hi'jii 
stahility this isotojK* is very conv(*ni(‘iit for a study of tla^ ehemica} 
pro])(‘rt ies (»f m'ptnninm. 

Two inon^ transnraiiinm (‘k‘m(‘nts wdth the atomic niimh(‘rs iio 
and Oti were discovered in 104o. 'I'hey waa'c* namial ann-nrfmn (Am) 
and nn'inm (bm). The formei' is »)litain(al hy inunlairdine in a. 
eyckdron hy lietiiim niiekd (d’tlemcMidous \ eloeitif‘s. Th(‘ reatdion tak(‘s 
plac(‘ ill t wo steps; 

Jle4 - ,n‘ 

- ' 

ir plntonimn (Ihi--*'*) is homl)arded in a similar manm’i'. tiie result 
is ein’ium; 

■ .He* -:,,Tnr^- ‘ 

In MtoO (dements with mudeai* (dia,rei*s of 1»7 and ttS w'(‘re (»l)tained 
hy lamdairdine ameri(dnin Am-^* and curium (dn-‘- with alpha 
))arti(des ])oss(‘ssing eiKM'ixii'S ol Ibd .M(‘V. Tlu'se (diMuents weri* namt‘d 
hf-rkrliuiH (Ilk) and calilorniam (<T) in iiononr of th(‘ town and state 
in whi(di th(‘V wa‘r(^ syntli(‘si/ed. 

IJoth (denuMits were piepared in very small «|uan(ities (the total 
<juant ity ofealifornium ohtainefldid not (‘\eeed lO.ooOadonis) luit ne\'er 
th(.d<\ss tht'N' wt'i'i' suceesstulh' isolatt'd anid their radioatdi\(' and (dieini- 
eal j)roj>(‘rti(‘s stndiial. Tiu* new’ idein<*nts wert' isolated cliemi(*ally b\ 
th(^ (dnomato.era])hie nudhod (see p. 407), nsiiie spcadal .synthetic 
resins. 
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In imviiru jK*ri<><li<‘als r(*|K)r\n<l \\\v pr<Mliu‘ti<M\ <>( two tn(»rr 

rkMni'Ots. i'ollvnvinii; ^-alilvanivun \\\ thi' TahU^ an<l having 

\lw‘ \\u<.*loav aiul ton. iu cvcl<Ui*tms a\ul nu(*U‘av icac-- 

tovs. 

|)urin^ lht‘ \ (‘ar follow iiio: tlu' piihlieatioii of* roIial»lt‘ data on iIm' 
(lis('ov(‘ry of’those <‘l(‘m(‘nts. live* isotopes of element Xo. ‘.M) and four 
isoto|>'‘s of ekmuail Xo. lot) were s\ nlhesi/od. 'The lighter of th(‘s(^ iso- 
loj)(‘s A\(‘re ohtaiiK'd hy l)oinl>ardinii: uranium atoms in llit‘ (‘yelotron 
witl» liexa eharL^ed nitroutai ions. |)oss«.‘.ssin<r en(‘ri!:i(‘s of o\er lt)t) !Me^ 
and o\y<:('n ions with energies of’ 1st) '['h(‘ r(‘st of them wtu'c 

ohtaiiHMl hy j)ro}oniied ra<liation td’plutonium in nm h'ar reaefois w ith 
slow neutrons. 'The »iew (/hmuads w(‘re namtal (i n,sh i ni n nt (Kn) ami 
irnf/i/UH (f'm) in honour of tiu* prominent scicaitists A. Kinstein and 
Iv Fca rni. 'fhe mass iiundx'rs of t lu^se (‘huutads ari‘ 'Jolt and Joo, rv 
sp(M li\ ely. 

Syn1h(‘sis of <'a(‘h new (‘hmuait has provtal. as. a rul(‘. more' and mru‘<‘ 
eomj)le\; an outstanding achievement of human thought and imxlern 
(‘Xperinuaital tix'hniipu* was the diseo\'ery of’the jkwv (dmuent Xo. 101 
nanuxl aftc'r tin* iz:r(‘at Itussian ehemist na mlrlrrunii (.M\ ). 

Mendc'IcN ium was ohlainecl (T.S.A.. I!)").")) hy homhat'diri^ one of the 
isotopes of (‘inst(*nium. namely, l^n-'*'’*. with al[)ha (>arti(‘l(*s ha\dne 
(MUM'^ies (»f about 40 Me\. Altogether only st‘\tuilatoms of mcaidc' 
h‘\ium W(‘re «>htained, hut newerliiek'ss (I. Sielx)»e and liis e(»liah(»ra 
tors, wlio synth(‘si/ed t h(‘ new element. w(.‘r<‘ ahk' to (*stahjish its I'adio 
aeti\'(* and ehemieal prop(‘rti<‘s. 

.\t prestait theelu'mieal propcat i(‘s of t h(‘first t rarisuranium (‘k'UhMils. 
esp(*eially tlio.-.e of pintonium. lia\<* been studicxi in rath(‘r izreat detail. 

It is known that neptunium and plutonium ehemieally n‘S(.*mhk‘ 
uranium. l>oth (“hanents. like uianium. manifest \alenei<‘s of’ Ik 4, 
o and 0. and dt'creasc^ ju stalulity of th('ii’ highest vakaiey ec>mfx)unds 
from uranium to j)lutoninm: tluu’efore. the transfer ofnej)tunium and 
es|>eeially plutonium from its loAvest tt) its lu^h(‘st d(‘^n.‘(‘ of oxidation 
r(U{uir(‘s a more* powerful f)xidati\e aetion than th(‘ same* transfer in 
nrani\tm. 'The stability of tiie e«>mponnds of the ln,Ldjest decree of oxi 
dation eontinm‘s to dcx-reasc' in t h(‘(‘k‘mentsfollowing plutonium, amer 
ieium and eurium. for whieh t h(* vakaiey tiumher 15 is eharacdca ist ie. 
euiiurn apparcMitly h(*inir eapahje of fdiining oidy emupounds in wliieli 
it is trivakait. 

'Flu* peeuliariti(vs of’eheitiieal behaviour of t he first t ransuranium 
(‘kunents. flu* idrstaiee of an\ |•<^s(*nd)lanee Ix'tweeu them and the (‘le- 
mcMits of tlie sixth period (»f tlu* IVriodie Tahk' kxvitcxl above theFii. 
rlKatiimi. osmium, ('tc .. as iiad hetai sujijxrscxl at first. I(mI totheassunij) 
t io!i tliat. like in t h(‘ ease of t he lanthanide atoms, it w as not t h<^ second 
last ekx'ti'on layer that was heinsj: filled witli eleeti'ous in th(*s(‘ atoms, 
hut the uiidei iyine 11dl'd last one. "rids laycu' Ix^^ius to fill up ri^ht aftm* 
thoi'ium (Xo. 1)0). 11ms aetirdum. Xo. St), is followixl by a s(‘ri(‘S of 
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rlenionls which, hy analoj/y with the ianthaiTnh^s. may Ik* calic<i :«(•- 
t in ides. 

\)r()(luction oi the oIIhm' ti'ansuranium ckmicnts and inv(^sti 
ynili(»n of their ciamiical ()ro|i('rtics show that tins assumption was 
coi'r(‘ct an(i that tin* (‘Icmcnls fullowiiiLf actinium r(‘scmhl(‘ the Ian 
llianid<\s clnmiically. 'riiis mad(r it ncc(‘ssaiy to allci' the earhea* .L>roup 
ing of 1 lie elenKMils oftln^ seventli jieriod. In this pericxl only the first 
thr(>e })o\(‘s r(‘main<‘d filhxL th(‘ ii<dini(l(‘s ])eini>; placed, like tlie lan¬ 
thanides. outside the 'Tahle propc^r (see jip. S4 So). 

iNw. I liliziliion <»r Suhsitoniie Kneri'y. The (ha-ay of atomic nnclei 
is accompanied hy the I'clease of enormous amomits of energy, eN(X‘('d 
in^r tlie (mergy of ordinary reactions hy millions of tiim's. No wonder, 
t iu‘r(do!•(.*. l liat. t h(' prohicmi of utili'/atir»n c>f snhatomic. (or mndi a] ) 
(‘lua-Lry has lon^ dr.awii tin* attention of investiixators. Howawc^r. the 
practical solution of this problem met with a., number of oh.<tack‘s whi(di 
seemeil unsurniountable. 

.All tdK‘ nuclear transformations d(\scribed in tlie ])ttw ions paraLUaph 
ai’c caused f»\- bombai'dini^ madid either with ludions ejectixl by natu 
ral radioa<*ti\(‘ (dmiuMits or with protons and diaitiM’ons (heaty hydro- 
iitm nuclei), whicdi can be art iticially acnxderattMl in sp(‘(dal appai’at uses. 
<H‘, li?ially, with nmitrons. Ihit dmdntr such bornbardmmits the proh- 
abilit\' of tla^ llyinji^ parti(d(‘s (‘ollidin^ with the niadmis is very low. 
At b<‘st th(^ numbea* <>f hits leadinti to nuclear tission eipials l:lOf 
i.e.. only otu' parti(d(‘ in In.uno hits a nuclmis, tvhile t lu* other d.hdh 
particdcs are lost foi* th(‘ reaction. Th(‘ most faeourahk^ conditions for 
Ixnnliardin^ madci an* attained with mnitrons. whiidi )>ear Jio cdiarirc* 
and ai*e th(*r(d'ore not didleeted hy th(‘ nucleus. Howcwaa*. th(‘ \(‘ry 
]U’odueliou of mmtrons hy m(*ans of mudear reactions is wvy iiudiicdent . 

Ihit tlu‘ main obstacle to the practical utili/.ation of nu(dt‘ar jxwcM- 
was tliat not a simrle ]H‘aetion was known w hi(d). once startcai hy some* 
(‘xlei’iial action, would eontimu^ sul>se(jueiilly hy itsidf. as is th<' ease, 
for instanei', with the hnrnine of fiud. and et‘rlain other chemical 
reactions. 

Kntirely new o]i])ortunitii’s for llu* ]nodnction of nuclear power 
ai*os(‘ at. tlie Ix-irimiiue of [WM) w lien Hahn and Stiassmann of (iermany 
dis(*o\'(‘ie(] that wJumi inanium isinvuliated w ith nirntrons. tlie oidinary 
mu leal' reaction is ai-eompanaal hy anotlu'J' ])roe(*ss. nam(‘iy "fission 
of tlu* nmdei of this idmnent into two ap]>roximat(dy eipial ])arts, 
about KMo ’JH times moremH'rgy Vicing liberated than in the first (‘ase."^ 
.At about the sam<' time the Soviet physicists K. IV'trzhak and 
Fhu'ov established that asidi* from their usual radioactive d(‘eay 
uranium nindid could also split spoutaiK'oiisly, alhidt tmuh more 
slowly. The lialf-life pmiod of this jiroeess (Hpials It)*'’ to 10**’ years. 


* d’lu' imcic'i of thorium and pi'oUU'tiiiium arc suhjot-t to similar tissiou \v}a‘U 
ina«liat(*d with rirutrous. 
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'J'hf (L\|KTimt*nt.s on ii nnlint ini^ nraniimi wii li nciilrons \v(‘r(‘ iv|MNU(‘d 
)>y doliot in Franrc, as well as hy Ainmican physirisis. \\ was 

nstahlisluai that tlu* iVauinents r(>siiltintj frnni tlu* iission of nraniuni 
nuclei \\(m*c nnstahic isotopes (»f various lighter elenuMits which cliangial 
into stahli' isot(»p(‘s as a I'csnlt of snl»s(‘(jU<’nt // decay. At the sanu‘ time, 
tlu* most impo!’tant piaailiarity of this ne\t’ mu‘lt‘ai* rc'aetion was 
d(‘t<‘ct(‘d: it was found that the nin‘lear Iission of iii’aninm ('ansed 
hy neutrons is acc(»m])a]iii'tl i)y the einergenet' ol Irom om* to three 
new neutrons t)i‘ M‘ry high kin(‘ti(‘ (‘iiergy. 'I’lu'se "secondary ' nen 
Irons art' cajaihle of causing new lis.>*ions it' tlu‘y hit intact, uranium 
nuclei, tins Iission anain hi‘itig a(‘(‘(»m])anit'd 1>\ tlie ('UU'rgence of \H'n 
t rons, (“t e. 

1'hus app(‘ai“(‘d tlu* }>ossihillt\ of a nuclear chain re;;etion with the 
emission of ne\itrons. whieh enahleil tht* reaction to ]>vo<'('e(i indt'pi'iul 
enlly, once startcil. It more thaii oiu' lU'utron forms inst(‘ad of ('aeli 
neutriui. w inch ean.^es nuclear Iission, and cat'll of the new neutrons, in 
its tin'll, sjilits a nucleus. 1 lu' spei'd of the rt'aetion will inert*ase in 
delinitely ami an (‘xplosion will n'snlt. 

Kni'tlier investigation of the tissam of nraninm nneli'i hy neutrons 
show<‘d that tlie rc'action is much more* complii^tlcd than was thought 
at lirst. The ti'ouhic is that natural uranium consists chiclly ol’two iso 
topes, ‘at).It per cent of and 0.7 per eent of Th(^ lii'st. hea,vi('r 

isotope, (-an Ik* sj>lil only by viaw fast neutrons. Theix'fort', most of 
llu* iK'iiirons hitting nn(*lei. though absorfied hy tlu'in. do not 

cause Iission. On llu* <*nntrary. r*-*^-’ nuclei an* (‘asily sjilit liy iu‘ulrons. 
mainly slow ones, 'flu* ehain reaetion is po.'-sible only with the isotope 
and in ord('r to accomplish it tlu.* seeondai*y n(*ntr“ons must Ik* 
eonsidi'rahly slow(‘d down. This can Ik* a.( hie\a‘d by making the n(*n 
tiens ]>a<s thiiuigh a .siihstaiu-e of small atomic wt'iglit. ealli‘d a iiuulcr- 
iitur. The most snitahk* moderatoi's a]'(* hydrog(*n (espcfrially its lieavv 
isotop(*. d(‘nt(‘]ium). lK*ryliium. and earhon (as graphib*), whose* nuclei 
ahso?*b mo>t of tlu* eiu'fgy of lU'iitrons upon (*(asti(* recoil of tlu* latt(*i* 
f]‘om tiu'iM. 

In natural nraninm. which consists mainly of ami cfinlains 
\i*ry little* r--*’’, the ehain it'aetion cannot develop with slow' el(*etrons. 
as tlu* .s(.*comla.ry <*l(‘etrons are eapim*ed liy tlu* nnck'i before their 
velocity can he jnod(‘ratcd snflici(‘ntly. ami so do not cause fnrthei 
tission. Tlu‘r(‘forc to carry out a chain r<*action, 1'“’*'* must Ik* s(‘parat<'d 
iVom 

'flu* capture oj‘m*ntrons l»v nuek*! leads to tlu* I’eirmation. of I lie 
/•active isotope A stmly of llie further I ransformat ions of this 

isfitojK*. MS stat(*d in tlu* previous paragrajdi, led to the dis(‘oV(‘ry of 
the* I'irst transnranimn elements. ne[)tnninm and ]>lntoninm, and it- was 
eslahiislu*d moreover, that ]ilutoninm nnel(*i ai't* split hy slow n(*n 
trons just as r(‘adily a,s nuel(‘i. lilx'rating imnu'iise* (juantities of 

{‘m‘rgy and ejecting new ncnti*ons. 
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l)iliti(‘s hn* th(* iniliarn(\ssiiiti[ of trcnioinlous (pliantil i(‘s of eia‘rc\-. 

'rin‘ most im])oi‘taiit pvohlcm that still naiiaiiKMl to lx* so]\ cd was ])ri 
maril\ lh(‘ soj)aiati»)ii of maniiim iso1o]K‘s and th<‘ isolation oi pni'c 
1“'^'*, as it s(*<‘m<Ml jii'ohahic that this isotope could Ix' tiscd as an c.\j»lo- 
siv(‘ of m)pic(*(>d(‘nt(‘d dcsstrtict iv(‘ powci*. 

The sc])ai‘ation <»f isotop<‘s C‘v<ai in lahoratory conrlitions entails 
immense <'Xp(*iimental and t(x*hnieal diriieulties. Thonch inanv 
m(*thods ol‘ isotope st'pai'ation are knoan. they are all extremely com 
pi<‘\. eUimsy and of low eltiei(‘ne.y . In this ease the pr(»hlem was liir- 
(li(*r e(mi]>lieat<Ml hy tin* \‘erv insicnilieant content of I’-’’’* ii\ natmal 
nraiiiiim. [lowe\'(‘r, all th<‘s(‘ diflienlties wetc oxaacome. As a result oj' 
imn\ei'ons inV(‘sti<iations and the painstaking work of sei(*ntists and 
en^ine<‘rs, plants waa-t* <‘i*eet(‘<l for th(‘ s<‘paration of nraninm isotop(‘s 
and tli<‘y he^an to pi-odnei* eonsidei*ahl(‘ amounts of I’--'*. 

It should lx‘ noted that 1h(‘ chain reaction of iuieleai* lission can ])ro 
ee(‘d otily in a la!*e:e (Mioueh ium]) (»t Othta*wise the majoiity of 

t h(‘ juailrons fojaiaxl by the lission of t h(‘ nuclei may emeryre from 
the hmip Ixddrc^ tlu'y collide with other uraiiimn ?)uel(a. thus interrupt 
in^ th(' ehain leaetion. "I'he h^ast amount ol' r-""'. with wldeli a eliaiii 
rea.<-lion is just ]»dssihle. is ealle*l its <‘ri(iea] mass. Smaller him}>s of 
^yjjj (‘xplod(‘. 15nt if small Imnps. tlK‘ total mass ol which 
(wetxxis the critical. arf‘ liroiielit toe(‘tlier quickly, a viokait i’(‘a(‘tion 
(Misues !*esullin.<: in an e\])losion. 

This is llu‘ ha.sie |u*ineiple of th(‘ ' atomic bomh. ' the lii'st variant 
of w liicli ctmsislaxl of two ])ieees of .s(‘parated from one aiioth(*r 

and eneliJsixj in a shell of a s]X‘(*ial mat.ei*ial serving as a neutron r(‘tlee 
tor. 'The mass of laieli of tii(*st‘ pieces of "e\|){osiv(‘' was a liltk^ mor(‘ 
t fjan half the er it i<ral. 

II' tljcse |)iee(‘s of ai-e united very rapidly hy nu'ans of an ordi 
nar\ explosive plai'txl in the common outer shell to^rether with tlu‘ 
])ieet‘s of uranium, an (explosion of tremendous loiee results. It will 
suflie(‘ to nuudion that tlu't efn|)(‘r<it ure at the point of t‘xpl<»sion ol the 
liist sp(‘('imens of atomic Ixunhs r(*a(*lu*<i sevtaal million d(‘^F(‘(xs. ami 
the ])r(‘ssm’e sexauai million atmosj>luu‘(es. 

'ro<jj(dh(M- w itl] tile s(‘paration of uranium isotop<\s. in\a st ipd ions 
waaa^ also (*arri(‘d out in many countri(*s with tlw' aim of acce)mplishinc 
a (‘Oldrollahle chain r(‘acli(»n in unsrpandtd nraninm. 

As nuudiomal a-hoxa*. no chain rc'aetion hase<l o?» slow' n(Mdia>ns can 
dexa'jop in jiatural nraninm, owing to the ahsoiption ol Ilu‘ madrons 
hy nnel(‘i. Ihd if small |>ie(u‘s of uranium are distributed at (xpial 

distaiua^s thi'oiigh a mass of graphite stawing as tlu^ modcaator. thf/ 
fast ncadrons emitt<al by the split I nui'ka are slowa^d dox\ n as l h<*y 
|)ass through the* laxaa* ol graphite and collide with th(‘ ligld (‘arix)n 
mudia. .Aftta* this, xvlua) th(\x entia- luwv pi(aa‘s of ui‘animn llu\v ar(‘ 
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ahs(»rl)(‘tl v{‘iv littU* l>\ a (‘(msi(lc‘rahl(‘ part <>(’ 

tlK'in is captiiri'd l>y r-'^’ caiisiiiLr (htar iissioii. In th<*s(^ (‘on 

(litions. the cliain I’C'action takos placn nuicli l<‘ss violently Ilian in 
\anv Iand wuave iin\u>rt'a\\t. its rate ean Ue evaitvollevl. However, 
a eonsi<i(‘ra])le (plant ity of v er\ pnr<‘ nraniuin is rtapiired to sustain 
tiu' juoeess. 

A nnit (*onsist ine of Innijis {l»l<K'ks) of nianinm (list rilinted at delinitt* 
distane(‘s throiiiih a mass of iiraphiti‘. is ('all(‘d a nnelear r(‘a(*tor or 
m-aninni 

ddu" first exjHM'imental nnelear reactor. eonst!ai(*l(‘d by th(‘ Ainmi- 
eans, uas started in Iha-enitKa* It eontain(‘d about t) tons of pure 

nraninm, tla* least (plant it y ma'cssary for its op(*ration. 

Kesi(i(‘s the fission of nnelei and tlu‘ reli'asi* of an imnuaise 

anumnt of (‘ma'^y. anotlua* v<a‘v important priKa-.ss takes p!ae(‘ dnrinL" 
tlu' ojieration of a reactor. 1'his is tin* eradnal aeenmnlation of pluto¬ 
nium in tli(‘ i‘(‘a(*tor as a resnll ol' the absorption of sonu* of th(‘ nen 
trons liy nnelta. As pbitoninm is a dilfia'cnt (‘kmiimt than uranium, 
it can b(‘ s(^parat('d from it eluanicaliy. 

Tlie Aimaacains constructed a htiee jilant for tb(‘ prodmdion of ])lu 
tonium in IlanforrI (State of W’asbin^lon), nliich b(‘ean fo put out 
plutonium in I kaamdua* Iff 11. !Mtit<»nium. like was usi‘d by th(‘ 

.\merieatis to mak(‘ atomi(* boinb.-^. 

At t Ik‘ Inydi t(‘mperaturesd(‘\ (‘lopiMi durine tb(*(‘.\plosion oi‘t Ik* atomic 
bomb. syntb(‘sis of liLdit comple.x nn(*l(*i fi‘om simp.k*r ont's b(*comes 
p(issib\e in priuci]>le. Sncii is. Vdi* instanei*. tiie syntbi*sis onudium iVom 
the hydroixcii iso1op(‘s II- and H-^ Such pro(M‘sst‘s. r(‘fi‘rred to as lln*!- 
nmniielear. ar(' aecom])ani(*d by the lib(a-ation of colossal amounts <d' 
(Mieiyry. ddie use of th(*rmonuclear ]>r«)e(‘ss(.‘s in the so calk'd hydrogen 
l)omb has made it possible to ]>rodnc(' a w(‘a]>on man\' tinu's more 
jxnri'i'fui than the atomic bomb. 

Pro(*(‘sses of a similar kind e\ i(l(‘ntly lake place in fh(^ d(‘j»ths of the 
.'.un and the stai's and aic* tin* sonrci* of the colossal amounts of lumi- 
nons mK'rj^y emitti'd iiy tla'in over billions of years. 

Subatomic eiK'rey was tirsf used to create* a weapon of unjire'CtHkaitC'd 
d(*structi\e force. Kor a certain, very sliort iim(\ tin* Anu'i ieaiis owned 
th(* monop(»ly of ])roducinLMhis weapon. Ilowe'v er. v(*ry soon the* Soviet 
rnion put an (*nd to file monopoly of the l-.S.A. in this lic'Id. At tJu* 
same time the Soviet rnion has fonirht and continues to light p(‘r 
sistenlly for <*omj)kdf' ban of nuck'ar and othei- lypt's of w(*apons of 
ma.ss destruction. 

Sti iv'iiig to .s(‘t tia* enei'gy of the* atomic nucleus to work for the good 
of inankind. the* Soviet I’nion pion(*(‘red the* utilization of atomie* 
energy toi* pcaicc'l’ul purposes. In .Iiiik* It tot the* first industrial atomic* 
jiovver station of o.diMi kilowatt capacity was started in Hk' IJ.S.S.H.. 
this energy b(*ing obtained at the* expense of uranium nuek'ar fission. 
'rh(‘ exp(*rii‘nr^{‘ gained as a n'suh (»f the ojX'ration of this station has 
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<)|)j)()rl unit i(‘s arc oilcftal al.so h\' th(‘ iis(* of ]iij(‘l('ar I’iuliations 
ainl ]a(ii<)ru*li\(' is(»t<»|K“<. Hailioact ivt* radiations aix' Ikmiil" iiscal snccc-ss 
\\i]]\ in inodic'nK* Vnj‘ cnriiii: cta-tain disoas<*s. in in(\nsti'\ anr\ in a^ii 
rwUwvv. llavlioactux' ui‘ vuvuius cUcawical olciucnls, (cnliall. 

iron. »‘ari>on. ]>hos)>lan‘\is. ii>d’na‘. vVt'/) iin‘ wiiW*l\ \tsvMl i'ov soUin^^ 
si‘i(‘ntiru* and U'clnTu-al probicans. 

rh(^ |K‘ai‘riul ns(‘ ol’ nncUair onoiirx is still in tlx initial stajjft' <»! its 
d('\(‘lojniKMit. Manx t tends oi nsi* art‘ still not more* than ontlitK'd. 
il\>\se\r!‘ l!u‘ restiUs !n*hiev<‘<l ii\ tlu* eonrse ol‘ \\\v last deeade are a 
<_n a|>hir illnst rat ioti of t he laet tliat t h(‘ ns(‘ «»i' 1 h(‘ eiaa'iiy <>1' t h<‘ at oinie 
imelens opeiis out x\ ido o]>|>ort unit ies helorr mankinri lot' the dexil 
opnient of ti»e prodnetixt' hM'e<‘s roid it>r Inrtlaa- t(a'hnieai proua’t'ss. 
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typical. 93 
Emanation. 101. 290 
Emerald, 469, 507 
}snier>', 592 
Emulsions, 479, 490 
Ener^iy 

bind in};, of the nucleus. (iOO 
chemical, 00 
ionization, 159, 5:12 
of crystal lattices, 14 4 
of quantum. 109 
subatf.unic. 00.5 et seq. 

F'.psoni salts, 343 
Equaiion(s) 

chemical, sec (.diemical e-qualions 
ionic, 209. 274 et sc'fi. 
of stall.’ of a gas. 49 
thormochemical, 09 cO seq. 
Equilibrium 
adsorption. 404 
‘'blocking of.” 209 
chemical, 190 et sect, 
displacement (shift) of, 192 


Equilibrium 

ionic, 204 et seq. 

Eq\iivalent wei.ghl. 33 
of an acid, 212 
of a base. 212 

of n complex substance, 35 
of a sail. 212 
nf an el(‘ment, 34. 57 
En.sio.'i 

of lecks, 10!) 

Esterdicatiovy 449 
Eslia-s. 449 

of cellulose. 45!) 

Etha.nol. 450 
Ether, diethvl. 451 
Elhei-s. 451 
Ethylene. 31. 441 
Ethylejic gl> col. 450 
Isthylmereui'ic. chl«»rid(', 440 
Eutectic. 230, 522 
cf>ncen1 ration, 230 
mj .\tin'(\ 522 
t( mpei*afur(', 230, 522 

V 

ErUs, J5;5 

hydrogenalio*! of. 190 
saponifuajlion >0, 455 
Ft'idspai’s, 4()o 
Eermentativity 450 
Ferrates. 044 
Ft'i-ric ar id. 040. 044 
Eerrit(‘s. 04.2 
F’erroclironte. (>J 7 
Ft‘rroeyanie acid, (>43 
Peri-ocyanide. potassuim, 04;i 
F e r 1 • o m a n g; m e s (\ 0 2 f > 

Fda rolitaniurn. 010 
Ferrovanadium, 01.3 
Eerliiizc'is 

M i l rr >g(.' 11 -C( ) n I a i a i ng, 393 
pho.spiiorus-conlaining, 390 el seq. 
potassiurn-ci>iitaining, 539 
Thomas slag. 030 
Eire danip. 437 
Flint, 405 
Flotation. 510 
Fluoi ides. ,305 

Fluorine, 290, 291, 292 et .seq., 297 
oxygen compnurid.s, 311 
Eluosilicales, 405 
EluosiUeic acid, 405 
Fluorsyxir, 291 
Fi.mI, 000 

F'o I -m a 1 d u ti y d e, 4 5 2 
Formiila.s. chemical, 59 
siniple.st (rampiric). 00 
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Formulas, 

structural (constitutional). (52 
true (molecular), 00 
Fi'ancium, Ifil 
Freons, 299, 4 VH 
I’'uel 

calorilic power of, 422 
j4ascous. 422 I't soci. 
heal valiU' ot. 422 el seq. 

Functional ^rnu[)s, 430 
Fusibility diagram. 521, 522 

G 

Galtava, (194, (iOG 
Galvanoplastics, 515 
Gas weld inf'. 195 
Ga.s(c‘s) 

constant (universal), 50 

diTisity of, 46 

inert, 203, 205 v\ seq. 

Ii({unr, 366 

partial pre,ssuie of, 51 
sf)lul)ility of. 214 el seq. 

Gallium, 594 
subf^i'oup. 594 

Galvasiic cells, 495 ei: se({.. 499 
(.lei, 400 

Gelatillation, 40t{ 

Geochemistry, 43 
German silvei', 543 
Germanium, 590 
subgroup. 597 
Glance. 604, 606 
Glass, 469 
libi e. 472 
quartz, 471 
1 ‘efractor.v, 470 
ruby, 471 
soluble, 466 
uviol, 471 
water, 466 
Glauber s salt, 343 
Glaze, 472 
Glucose, 457 
Glycerine, 450 
Gneiss, 460 
Gold, 540, 553 
compounds, 554 
mosaic, 603 
telluride, 553 
Grarn-atom, 40 
C4ram-ion, 255 
Gram-molecule*, 40 

Grarn-molecular vailume of a gas, 49 
G ram-equ i valen t, 212 
Ciranites, 460 


(iranosan, 440 
Grape sugar. 457 
Graphite. 400. 401 et seq 
Gunpowdt 1 ' 
black, 301 
smokeless. 370 
Gulla-pereha, 442 
Gypsum, 34:j, 570 

H 

Half-life period, 164 
Haloge*n derivative's of hydrocarbons, 
448 et s(‘q 

Halogens. 290 ct seq. 

chemical prope'rties of, 293 et, seq, 
h.vdrog(!n efirnpounds fif. 299 ei seej 
oxygen compOLuuls eif. 305 cl se.'ci. 
physical propin-lies of, 292 e{ seq 
pivparation of, 297 et seq. 
uses of, 297 
Hard water. 203. 572 
Hausmannit(’. 626 
Heat 

of formation of c'ompounds, 70 
of hydration, 221 
of solution. 210 
Heavy water, 172 
Helioiis, 652 

Helium, 206. 207 r-t seq. 

He.*isdorlite. 646 
Hete-u'ogeneous system, 179 
Hexachlorane. 440 
Ht:-xachloroc.\'clnh a xane, 440 
Homr>goneH.ms s.vstem, 179 
He)molo.gical se*rie:s, 430 
Homologues, 430 
Horn silver. 540 
Hydration. 210 
Hydiates, 210 
of ions, 243 

Hydraulic module of ci'ment, 174 
Hydrazine. 370 
Hyd rides, 194. a.'iO 
Ilydrobromie* ac'd, :i()l 
Hydrocarbon ladical, 449 
Hydrocai be)nate\s, 410 
Hydrocarbons 
ac'vclic, 435 
alicyclic, 436 
aromatic, 435, 4 15 e*l seep 
cyclic, 444 
saturated. 437 
unsaturate'd, 440 
Hydrochloric acid. .‘{Ol 
Hydrocyanic acid, 415 
Hydrofluoric acid, 304 
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H,vdi(»!.irniiti<.)n. U)(J 
MydrriiAcnation 
ol c-oal. l‘U). 420 
()! lais. 19(3 

Hydro^eti ai‘st.*rii(k-. :-502 
hiiridrs. aJU> 

ITvdro^en bi'anddc, 299 
Hydrri.m'n t-hlai-idt'. 299. iiOO t’ scfi. 
UydroiAcn lluoiidr. 299 
I I>'dro;:i«:'n I'uiiidns. 299 v{ 

}-I.\'drr)L;cn m. niide. 299 
Hydi (vm-n. 190 ei sv(\. 
hoiui. 20a 

dissoriat iun (O'. 190 
c-lcxdvDdt.'. ."%01 
l’u':}\y (cii'iui.riuni), 171 
jon index 277 

isotopes, 171 
modifications of. 191 
irioiudcvauc. 190 
pivpaiaticai of. 190 et seq. 
properties of. 19:> et seep 
uses of. 192 el seq. 
polysuiphidc's, ll.'iO 
Ilydroj^en peroxide, 222. et seq. 
Hydrops'll phosphide. 297 
Ilydropen suij.)!i:de. 22.'-> 
water, 222 

HyclroifK'lic acid, 2>(M 
llydrolytt'. 570 
H\drol\-.si.s 
f'lepree of. 221 
of cidoriiu*. .200 
of eslers, 449 
<4‘ salts. 272 e! secj 
Hydrosu'lpli’aric acid, 222 
Hydroxides. 220, 201 
ampir.iU.'ric, 202 
H\'di'(;.\oninrn iffU. 242, 

Hydi’r.xyl. 02 
I [v'droxy lanhne, 201 
Hydroxyl rad leal, 02 
i rydi'oxy.sait572 
Hypo {thi(jsulpiiate), 22,2 
]I\'p''brf.inioas acid. 212 
Hypocldorih.'s, 200 
Hypoclilorims acid. 207 

1 

l;it roeru-mist ry. 20 
Ice, 207 (•!. .sefi. 

dry. 409 
Ihnenitr. 010 
Indian red. 0-12 
Indicatt'IS, 214, 272 
is'>topi<'. 172 


Indiiiin, 594 et seci. 

Inductor. 172 
Induct ry 

ceramic. 172 

i'nndanuMita! clu'mical, 249 
nitropen. 222 
silicate, 40!) 

Infusorian s*arth 40.5 
lnlu\:>i*iors, 5(.t5 

ln1('rmetalhc conq^ounds. .520 
Invar. 047 
Iodic acid, 212 
Tod'.c anliydridt'. 212 
liKlides, 2()0 

Iodine, 290. 292 et st'q.. 292 
lon-pj-odiirt I'T watt.'r, 270 
Ionic 

atmosphe?-e. 257 
l)oiid. 121 

compounds, 121. 122. 124 
deri\'alion of. 274 
ecjuations. 207 
liydi*ale>. 2.12 
la dices. Mi 
I(»ni/ation. 222 

Jnairatioii potential. 15f). 522 
iMiiopenous bond, 550 
lon(s). 90. 112. 222 
ai‘ti\il.v of. 252 
cl'.arpe on. 112 

cfxntOex. 540. OIT. 55,5 et sc'cp 
defermalion of, 12,1 
desipnation of. 112. 249 
delerrnination of radius of. 144 (.2 
seq. 

diapi'ams of sirs.K.'tuix' ni. 121 v\ seq. 
in'-tahilily constant of. 550 
moti<,n of. 244 et seq. 
o.\«.>nium, 242 

paekinp c.f\ in crestais, 491 
|jo)arj/.ation «)f. 122 
Iralinm, 042, 051 
Iron, 02>l. 040 
carbonyls. 044 
C'»mpound.s. 040 C'l seci. 
specular, 020 
prey, 025 

joroducti(»n of, 022 <.'1 s«.'Cj. 
pr< Ji>erl ies of. 040 
subpi'ouf). 0.21 
wJiiU.' cast. 0-25 

Ti’fin and .ste('i metalliii’py, 029 
Iron fne. 022 
brown. 0.22 
mapnetic, 02,2 
j-(‘d. 022 
spatilie, 022 
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Iron pyrites, (»:j2 
iron scale, (>4() 

Isobars. 172 
Isomers, 12}) 

^eoiru'trical, *425 
]somei‘ism, 42}). 21, 425 

of complex compounds, 500 el sef;. 
ni.K-lf'ar. 0()2 
Isotnorphism, 1.40 
IsopriMK', 442 

I So! opes. 100. 109 el seci-, 050 
sepaiati».»n of. 171 

J 

.lellies, 4HH 
t lastic. 40!) 

.s'A'c-llin.c, c4', 400 
.!as])e!\ 405 

K 

Kainife, 500 
Kaolin, 409 
KaoJmir.aiion. 40}) 

Keli^iies. 4r);r 

Kiiu.'tic tlu‘f>ry of ;.;as('s. 52 <M 
Kinetics 

chemical. 174 i.'t. .‘'('fj. 

Knockin.L; o!‘ motor f'lie!. 429 
Ixrcpion. 220 cl se(!. 

L 

haclic at'ai. 450 
I.ake sail. 291 
I ,;nn])blacU. 402 
I .ant hanides, 01. 595 
lamihajium, 595 
I .at 1 ici.' 

aloniK,’. Ill 
coustaul, 114 

coordination numher ol. 140 
enci2;>' of. 142 
ionic. 141 
moleculai'. 141 
of metals, 142. 491 
space*. Ml 
l.au.ahin.u ^as. 271 
I ,:i\\’(s) 

of .'\\'oL;adro, 29 (4 sc-ci. 
ol (5.)ml)inin.a Volumes. 2{> 
of (.'raiserealion ni‘ Mass. 24 
(•f Constancy of Inti.-ilacial AnsAles. 
J 29 

of Dciinite I’l'oporl ions, 20 

of r.^ilution, 255 

of KlectJ'ol.wsis. 515 (4 seq. 


0S2 

La\v(s) 

• 4 Kquivalent2,4 
of Henry. 217 
ol Hess’ 417 

of Mass Action, 170. 122 
of Mosc4ey. 100 
of Aluitipie Proportions. .21 
o( fiaoult, 221. 222 
of Sliifl, 107 

of Van'l Hoff, 120. 225 el sc-q. 
Periodic, see Periodic I^aw' 

Lead. .597, 004 et, seq. 
chi'omale. 020 
compounds of. 005 ( t .seq. 
iso!opes (O', 109 
sh>ra:4e balierv. 007 1 1 seq. 
su.Liai. 000 
whitt*. OOO 
r.inu' 

burnt, 570 
quick. 570 
slake'd. 571 
soda. 259 

Limi'stoiie. 400. Ill 
Lime water, 571 
Lins(H’d oil, 455 
1 .itliarjax <>05 
Lithium. 529 
Luhopojic. 579 
Litmus. 214. 2,72 
Lunar ('ausLc. 549 
Lye. 411 

Lyophilic colloids. 424) 

Lyophobic colhiids. 420 

M 

Ma.54nar:um. 59.1 
Ma,encsia 
w l’iite. 50}) 

Maj;nesia cemcTit, 50}) 

Al.ajmesill', 411. 502 
Ma,unt-sium. 505. 509 
caiLonale. 411. 509 
chloride. 5(1}) 

!i.\'clro\idi‘. 509 
oxide. 509 
sulphiile, 242, .509 
Majolica, 472 
-Maiachitt'. 410, 541. .540 
Malt, 450 
Man.qanatt’s. 027 
Manj;anese, 025. 02fi 
compound.s. 027 et seep 
SLib.aroii]), 025 
Manj^anin, 020 
Marble, 411 
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Mai-ls, 474 
Marsh j^as, 4'M 
Mass dcfet't, (i5f) 

Mass number ol' atoms. 

Mass spectroLtrap^h, J70 
Matches, 

Matte, 542 
Matte*', 11. 12 
Mercury, 575, 5tl() 

compt'unds of, 5t{l et seq. 
fulminate, 5t{i 
Met alts). Tfi, 490 
alkali, 529 et .seq. 
alkaliiH'-earth. 500 
amides, 3(il 

chemical propert.ii'.s of. 492 ci seq. 
ciMVipounus ut. witVi ViVdro^en, 194 
corrosieai of, 50,2 (,'t seq. 
displacement series, 494 
electrocliemica! .'^eries r-f. 190 
(‘iecti'ode poU.'ntiaK of, 490 et. secj 
electroinotivt' lorce ‘•eric'S, 494 
extraction of, fi'Cim oi\‘s, 500 v\ 
seq. 

heavy, 492 
hglU, 492 
nati\'e, 500 

physical pro'i>LM'iles <0, 490 t'l. st^q. 
plasticity of. 491 
platinum, 049 
j )<..> 1 ys Li 1 ph i d t. ■ s, 5 

raj’e ('arth, 01 
sulphides, :-t24 
Metalh^traphy, 522 
Metalloid.s, 7(> 

Metallurgy, 509, 0‘29 
Mctasilieic acid. 407 
Methane. 31. 434. 437 
Methanol. 449 
Methyl oran.L;e. 270 
Mica, 4t)« 

Micelli'. 404 

Minei'al eompounds, 427 
Mineral oil, 421 
Mispiekel, 392 
Mixtu refs) 

<.‘uteetjc. 522 
Iietero^eneous, 12 
h(>mo»('neous, 12 
Molar volume of etas, 49 
Molarity, 212 
Molasses, starcli, 457 
Mole, --10 
Molecular 

elevation of tht' boiling pr»int, 232 
low'criiig of the fi'cezing point, 231 
oi'hit, 120 


M<dec‘ular 

weight, 15 et seq., 52 
determination of. 45 v\ .seq., 227, 
519 

cryoscopif* metfiod h>i’. 233 
ebulioscopic method for, 233 
Moletmles, 27. 41, 42 
active, 175 
assfuciat ion of. 204 
polai", 132 
polarization of, 133 
realil.v^ of, 71, et. sef) 
structure of, 120 
Mol.vbdates, (122 
Mtdybdenite, (>21 
Mol.\'bdemun. (>16. (121 
anhydride. 022 
blue, (123 
Monoliydrale. 2.41 
595. (;j2 

Moi’tar, 471, 571 
Alo.saic gold. 003 

\ 

Naphthenes. Ill 
Natural .gas. 421 
Negatiw, 552 
Neon. 2{l(l t.'V seq. 

Nephelite. 5HH 
Neptunium. ()()2, 004 
Neutral v(‘iTligri.s. 54(1 
N(‘Ut ralizat ion, 270 
Neutron modei'atoi', 000 
Neutions. 050 

Nowland's octaves. 77 el .seq. 
Nichrome. 047 
Niekel. 031, 040 
compounds. 047 
Nickelin(\ 047 
Nickel plating, 040 
Nickid .silvt'r. .5-13 
Ni(.»bium. 013, 014 
Niton, 200 
Nitrates, 3»1 
Nitration, :i77. 446 
Niti'ation of steel. (136 
Nitn* aeid, 34H 
Nitres, 331 

ammonium, 3<U 
potassium, 331 
caleium, 332 
Nitric acid, 375 et seq. 
fuming, 375 

pi'f'paration of, 37(1 et seq, 
salts of, 331 
uses of, 377 
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Nitiic anhydride, :i7-4 
Nitrides, /iiil 
Nilrij'yint; bacMeria. 

Nitriles. 374. 331 
Nitnibaetc'ria, :{j;4 
Nij T«.)-cei 1 uI()sc‘, 4;')9 
Nitrnel\\ylene ulyeoh 451 
Nitroftc-n. 2t). 357 td seci. 
chioiidf', 331 

cycle in nature, 333 et seq. 
iodide. .’U)] 

oxidc's of, 32. 370 et seq. 
pi'(‘pa)'ation of, 3.53 
Niti'oj^lycr'rine, 451 
Nitros>d chloride, .377 
.\ili-osyI sulphuric acid, 343 
Nt»dul(.'-lorniiiiL; bacteria. 333 
Nun-nK‘tals. 70 

Normal liydro^^en tdectrodt*. 501 
Normal pot<.'rilials 
oT lialojicns., 503 
of n let a Is. .501, 502 
Nuclear 
lorces, 000 
i.soinery. 002 

model of atoim 102 ei se(| 
reacdor, fi09 
.Nuclons. 058 
Nylon. U52 

O 

«..»claiK‘ number, 430 
Oil of pears, 450 
(.'hi. dryine, 455 
Olefins, 4 11 
Oleum. 341. 347 
Orbits 

molecular, 120 
(luanlum (stable), 110 
Orc'.s, 508 

concenlj'alion of, 500 
Organic compounds. 427 

classilicalion of, 432 et seq. 
Ortliocla.se, 408 
C)tiliohydr(.»^en, 104 
Oj’tliopho,sf)hnric acid, 389 
Orthosilicic acid. 407 
O.sniium. 048, 049 
cruTipounds of, 051 
Osmosis, 224 

Osmotic pressure, 224. 234, 249 
O.salic acid, 450 
CK'idatiun. 196, 199 et seq., 247 
Oxide films, 500 
':)xides, 321, 323 
acid, 322 
amphoteric, 322 


Oxides 
basic, 322 
indifferent, 323 
of nitro|:ien, 32, c*t seq. 
salt-formiiipi, 323 
Oxoniurn ion, 24.3 
OxvLien. 28, 317 
fluoride. 311 
unit. 45 
liquid. 319 
Oxyliquits, 319 
Oxysalts, 578 
O/.onalfii's, 320 
Oy.ont', 320 


P 

r’alladiun), 018. 04tJ. 050 
(•(impounds, 051 
Paraffins. 4.38 
Parahydro^^i'n, 194 
Parclunent papi'r. 4.58 
Paris .urevn, 540 
Fhu'lial pressurt'. 51 
Pas'^ivjyini; aeetds. 500 
Pauli, Rule (4‘, 118. 120 
Peat. 421 
Peracids. 350 
Perchlorates, 310 
Perchlorie acid, 311 
V'erehloric anhydride, 311 
PiM'lodie acid, 312 
Periodic 

sipniiicanee {»f. 88 (4. seq. 
table, 70, et seq., 81 85. 150 
Periodic law, 70, 78 

devxdopmc'nt of. 150 el seq. 
Perma nganates, 028 
Peroxide.s. 323 
Perrhenates, 030 
Per.sulphates, 350 
I\'r.sulphuric acid, 350 
Phase(s), 179 
dispensed, 479 
Phenol, 451 

Phenol-formaldehyde resin.s, 4.53 
Phenol p h t h a le in. 27 8 
Philosopher's slon(\ 20 
Phlogiston, 21 
Phosgene, 414 

Pho.sphate fertilizers, 390, et seq. 

Phosphati's, 390 

Phosphides, 387 

Phosphine, 387 

Pho.sphonium. 387 

Phosphoric acids, 389 et seq. 

Phosphorite. 384 
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Phosphorus, 41, :iH4 ei set], 
allolropy of, 
black, :i5Ui 

compounds of, 'AH7, :^H8 
oxides of. el st'q. 
rc^d. :i8rj 

white (yellow). 3)1“) 
Photoelectric’ cel!, 532 
Photo>;i’nph''. .5.51 el sec], 

Pholon, 110. (i.57 
Pin'.sico-chenhcal analysis. 520 
Pi^ iron, (.)32 

f)ro(Uiction. 031) el seri. 
white, 035 
Pilch “blende. 024 
Piaster of Paris. 343 
Platinite, 647 
I'iatinuin. 043, 049 
compounds. (>50 
Ideiads, 100 
Plexij^las. 450 
l-''lu]nbite.s, 005 
Piuloninm. 002 
Pobedite (alloy), 024, 040 
Point free/iny:, 200 
mellirif^. 200 
Polar bonds, 129 
Polarization 

of electrodes. 513 
«.).f molecules. 133 
Polarization e.m.f,, 513 
P(j].onium. 90 
Polymer, 441 
Polymerization, 441 
Polym(.>rphism, 140 
Polysilicic acids. 407 
Polysulphides, 330 
Polyliiene, 441 
F^'^rceLainr’, 472 
P^isiti'ze, 553 
Po.siii-ons, 050 
Postulates of Bohr, liO 
Potash. 41 ;i 

l-^f.)tas.sium fei't iii/ers. 540 
potassium. 529, ’531. a-lO el seep 
cai’bonate. 413 
cl’iiorale, 3,09 
cyanide. 41(1 
dichromate, 020 
ferrate, 044 
ferrocyanide, 04.3 
hydroxide. 539 
rnane,anate, 027 
nitrate. 301 
perchlorate, 310 
permanqanate, 020 
salts, 539 


l'olc*ntial 

dt'composiiion, 513 
electrode, 501 
ionization. 159, 532 
normal, of metals. 501, 502 
Precipitate, .Sill 
Principle 

Be Chateli('r-s. 100 
Producer. 424 
Ihoducei' pas, 423. 424 
Promethium. 151 
Pivimoters. 354 
Proteins, 400 
Proton. 113. 052 
Pnissiaii blue. 043 
Pyrile cindc'rs. 345 
r'.v'rolusiti', 02() 

l\vronu‘!ric burning ellecl, 422 
PyrosuIpli; 1 1 es, 345 
Pyrosuiphuric acid. 344 

Q 

Quantum 

mecluniics, 115 
numbtn’s, 117 
(4‘ enerpy. 109 
Theory of i-adialion. 109 
Quarts. 405 

K 

Radical(s) 
acici. 01 
basic’, 01 

iTvdrocarbon. 449 
Radii 

atomic, 144 
eflective, 145 
ionic, 14! 

Radioac1i\e 
constant. 104 

disinlepration. 102 et seq., 1(>3> 
f'lements. 103 el sc‘C|. 
late of, Uil 
sei'ies, 105 

JTadioacti\it.\', 97. 103 rt, secj. 

artificial, 000 el seej. 

Radium, 9J{, 505. 500 

dinpiam of li-anslbi inalions nf, 105 
Radon, 102, 200 
liays 

alplia, beta and pamma. 100, 103 

canal. 109 

cathode, 

co-mic. 050 

X-. 95 
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React, ion(s) 

cliain. 1197. (>07 el. s('cj 
cenju^ate, 179 
CMiciel.htM'riial, (19 
e\'f>t]iermal, 69 
excliaiii^e. 269 
irrcna’f.sible, 190 
of neulrali/ation, 270 
of Zinin, M7 
o\iciali<tn-r(‘ChK.*lion. 199 
ial(‘ of. 174 t't sccj 
rcvetsible. 190 
then via 1 c‘iTec1 of, 417 
Red copjXT o!‘c', 941 
Red lead. (>07 

Rc‘d pinssiaU' of polasli, 644 
Rr'diictant^ (reducin.n a}:^('iits), 

196. 201, :{16, 492, 9:42 
Reduction, 196, 297 
Refri^ei-ati.u', 365 

ReiAeneraliv(‘ liu'nace. 42:4 ef seq. 

Re\ {’i sihle read ions, U4I 

Rlienium. 625. (JllO 

Rhodium, 649. 649 

Rodv salt. 291 

Rubl.}er, 442 

synthetic, 442 el .se(i 
Rubi(iiutn, 529, 5.31 
Ruby. 592 

Ruby ,f;htss, 471 
IRile 

of Duion^ and Pelil, 56 
of Pauli. 116. 126 
f»f u ljole numbers, 171 
Ruthenium. 64». 049 
compounds of, 651 
Rutile. 610 


S 

Sal ammoniac, .365 
Salicylic acid, 456 
Salting fail, 467 
Saltpetre. :461 
(Miile. .361 
Salts, 25:4, 261 
complex. 547 
double, 344, 556 
liydrolysis of. 2714 et seq. 
ionization of, 25,3 
solubility of. 275 
.Sand, 462,' 465 
Saponification, 449 
Sapphire, 592 

Saturated hydrocarbon.s, 4.37 
Sat LI raft'd vapour. 206 


Scandium, 595 
subgroup, 595 
School ite, 62:i 
Sedimentation. 465 
Selenium, :455 

ccimpounds of. 355 el st*q. 
SoTTu-permeable rnembi-arie. 22.3 
Series 

metal displacement, 106 
e.m.f.. of metals, 494 
radioactiv{.‘, 165 
Silanes. 464 
Silicate ct‘nu'nf, 47.3 
Silica, 462 

amoi‘phf>us, 465 
crystalline. 465 
Silica gel. 467. 4»39 
Silicate industry, 469 
Silicates, 466, 468 
Silicic acids, 466 
SiliciH'i di<.»xidc. 4(42, Kia 
Si lie ides. 46.3 
Silicon, 461 et so(|. 
amorv)hous. 402 
CL'ystaUine, 462 
lluorid(‘, '.^05. 464 
tetrachloride, 464 
dioxide, 462, 465 
Sili(*on hydridt'. 464 
Silico-orgauic compounds, 475 
Silumin. 591 
Silver 

chloride. .30.3. 549 
c(.)mpounds of. 546 el seq. 
glance, 548 
horn, 546 
niirate. 549 
standard, 546 
Slags, 509, 63:i. 636 
Smalt. 646 
Smalt ite. 645 
Soaps. 455 
Soda, 411 
ash, 41.3 
baking, 41.3 
caustic. .539 
lime. 359 

prt'paration of, 412 et seq. 
Sodium, 529, 531 el seq. 
carbonate, 411 
chloride, 291 
cyanide, 416 
dichromate, 621 
hydrocar bona t e, 41.3 
li yd ros 11 1 p h i d e, .‘1.3 3 
hydrosulphile, 336 
hydroxide, 536 
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Sodium 

nitrate. 3atl, 3()6. 381 
o\idc, 535 
peroxide, 535 
preparation of, 534 
sails, 538 
siticale, 408 
sulphate', 343 
thiosulphate, 338 
Solar oil, 438 
Sols, 480 

.Solubility, 21.4 et seq. 
of ga.sefi, 21 () ot seq. 
of liquids, 216 
of salts 215, 275 
product. 265 
Solution(s) 
colloidal, 480 
concentration of, 211 
electrical conductivity of, 237, 252 
freozins and boiling; <.»f, 228 ot 
. seq. 
heat of, 218 
isotoni(\ 225 
molal, 212 
molar, 211 
neutral. 276 
normal, 212 

osmotic pressure in, 225 
properties of, 209 
saturated, 210 
solid, 147, 519 
supersaIurated, 221 
true, 480 

vapour pressure of. 227 
Solvatation of colloid parDcle.*^. 487 
Solvates. 218 
Solvents, 210 
ionizing. 244 
Spar 

rtuoi-'- , 291 
fold 468 
Spectral analysis, 531 
Spectrum(a) 
continuou.s, 106 
line, 106, 108 
mass, 170 
x-ray, 107 
Sphenc, 610 
Spiegel, 626 

Spin quantum number. 117 
Spinthari.scope, 111 
Spirit of ammonia, 360 
St annates, 602 
Stannites, 601 
Starch, 457 

States, physical, of substance, 136 


Steelfs) 

alloy, 626, 647 
Steel(s) 

chrfjinc-nickel, 647 
hard. 635 
hardening of, 638 
heat frcalmt'nt of, 638 ot seq, 
manganese, 626 
molybdt'nurn, 622 
mild. 636 
nitriding of. 638 
pioduction of, 636 et seq. 
stainless, 617 
tungsten, 623 
vanadium. 614 
Stellite, 646 
Storage battery 
iron-nickel, 648 
lead. 607 et seq. 

Strontianitc. 575 
Strontium. 565, 506. 575 
compounds of. 575 et seq. 
Subgroups, main and secondary. 83 
Sublimation. 292 
Substances 

amorphous, 137, 140 
crystalline. 137. 140 
isomeric. 429 
isomorphous, 147 
mintM’al, 427 
c»rganic. 427 
polymorphous, 148 
radioactive, 97 

with covalent (atomic) bond.s. 121 
with ionic bonds. 121 
Sugar 
beet, 457 
grape. 457 
Sulphates, 343 
Sulphides. 356 
Sulphites, 338 
Sulphur, 326 et seq. 
allotropy of. 330 
brimstone, 329 

compounds with halogerrs. 354 

dioxide, 336 

fiow'ers of. 329 

liver of. 336 

lump. 330 

melting of, 329 et seq. 
monoclinic, 330 
native, 327 
pla.stic, 331 
rod, 330 
rhombic, 330 
trioxide, .340 et seq. 
uses of. 332 
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Sulphuric acid, 341 id scq. 
preparation of 

contaci pioci'ss lor. 345 oi seq. 
Sulphuric 

cJ'iambcr process for. 347 et seq. 
salts of. 343 et seq. 

Sulphurous acid, 336 
Sulphurous anhydride. 33(i 
Superhard carbide alloys, 624 
Superphosphate, 390 
Suspensions. 72, 476. 431 
Swellin?^, 439 
Svlvinite, 540 
Sylvite, 291 
Syncresis, 488 

Systems, crystal. 137 cd seq. 

T 

Talc. 569 

Tantalum. 613, 614 
Technetium, 151, f>25 
Teflon, 44{] 

'Vellurium, 355 

compounds of, 355 et seq, 
'remperaturc? 
critical. 93. 639 
eutectic. 230. 522 
'retrabniic acid, 587 
'JVtrac’lhyl lead, 440 
Tidrafluoroethyiene, 448 
Thallium, 594 
compounds of, 595 et seq. 

Tlieory, 14 

Bohr. 108 et scq.. 115 
Butlerov, of chemical .structure. 
429 el sect. 

corpuscular, of Lomonosov% 

28 et seq. 

hydrate, of solutions, of Mendele¬ 
yev, 93, 218 et scq. 
ionic. 238 

kinetic, of gases, 53, et seq. 
of atomic decay, 167 
of atomic nucdeus% 657 et seq. 
of chemical valency (electrostatic), 
120 et scq., 561 et seq. 
of combustion, 28 
of conjugate reactions, 178 
of covalency, 125, 562 
of electrolytic dissociation, 

238 et seq. 

of formation of complex com¬ 
pounds, 555 et seq. 
of induction of current in galvanic 
cells, 498 et seq. 
of intermediate reactions, 352 


Theory 

of ionization, 238 ci seq. 
phlogiston, 21 
quantum, of ladiation, 110 
Thermal analysis, 521 
Idiorrnochem ical 

calcLilai ions. 417 el seij. 
equations, 69 et seq. 

Thermal effect of reaction. 417, 419 

Thermite, 511 

Thermochemistry, 416 

I'herrnogen. 23 

3*hinacids, 338 

Th i(>a n hyd rides, 395 

Thiosalts. 338 

Thiosulphuric acid. 338 

Thorium. 612 

Tin. 597. 600 

compounds. 600 et seq. 
grey, 600 
hydride, 604 
plague, 600 
white. 600 
Tin plate, 601 
Tinstone. 600 
Tit anile, 610 
Titanium, 609. 610 
subgroup. 609 
compounds of. 611 
white. 611 

Titanomagnetites, 610 
Titration, 214 
Titre, 214 
Topaz, 468 
smoky, 465 

Transuranium elements, 662 e! seq. 
Triads of Dbberciner, 77 
Trinitrotoluene (TNT), 446 
Triple point, 207 
Tripoli (diatomite). 465 
Tritium, 171 
Tungstates, 624 
Tungsten, 616. 623 
carbides, 624 
Turnbull's blue, 644 
Tyndall effect. 479 
Type metal, 395, 605 

U 

Ultra-filters, 480 
Ultramai ine, 594 
Ultra-microscope, 479 
Unsalui'uted hydrocarbons, 440 
Uranic acid, 625 
Uranium, (>24 

critical mass of, 667 
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